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ABSTRACT
The usefulness of Instrumental Neutron Activation Analysis (INAA) when
applied in bioenvironmental studies, has been demonstrated. Reactor neutrons
were used for the activation of the samples involved. A number of methods for
measuring the elemental concentrations, in a variety of materials, are 
available, but the comparative method has most often been employed by 
previous workers due to it’s simplicity and the relatively low errors 
involved. Reference materials play an important role in the accuracy of the 
comparative method. When the elements of interest are not present with
certified concentration values in the reference material involved while using 
the comparative method, other methods for the measurement of the elemental 
concentrations have to be adopted. Three other methods the absolute, the
mono-standard and the Kq- method, have been employed for determining the
elemental concentrations in a variety of materials and their accuracies and
associated errors have been compared with the comparative method.
The usefulness of cyclic neutron activation analysis (CNAA) in determining
short-lived radionuclides has also been demonstrated by measuring low levels
of fluorine in human diet samples in the presence of major interfering 
elements. Significantly better precision and detection limits were achieved 
through CNAA as compared with the conventional irradiation method.
Precise and accurate measurement of various elements by INAA require a sample 
size which is representative of the material to be analysed. The
representative mass of a typical material can be evaluated by determining 
it’s elemental sampling factors. The representative masses for a number of 
bioenvironmental materials have been evaluated. The benefits of mass
fractionation in INAA of materials with large representative masses have
also been explored. A significant improvement in the precision and detection
limits for various elements was observed by using mass fractionation for the
material to be analysed.
An air pollution study was carried out in the industriaT^city of Lagos,
Nigeria as a part of an EEC Linkage program on ’environmental monitoring and 
health impact assessment’. The elemental analysis of the air particulates,
collected from three different locations in Lagos, was carried out by using 
INAA. Elemental characterization of the airborne particulates during the
Harmattan season at two locations in Nigeria (Kano and Ife) has also been 
performed by using INAA. The sampling of air particulates from Kano, Ife and 
Lagos was carried out with the help of a cascade impactor air sampler, which
made it possible to study the distribution of elemental concentrations with
particle size. Scanning electron microscopy was also employed in order to
study the shape and size distribution of the air particulates collected from
Kano, Ife and Lagos. Twenty two elements were determined in Lagos air
particulates and results have been compared with other industrial cities,
Bombay and Toronto. Concentration values for twenty four elements determined 
in Harmattan dust are also presented. Calculation of enrichment factors and
cluster analysis was applied to carry out source attribution.
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CHAPTER 1
INTRODUCTION
Interest in trace elements began about a century ago when various compounds,
containing Cu and Zn were detected in animal blood. Later on in 1929 another 
compound containing V was discovered in the blood of sea squirts. These
metals , Cu, V and Zn were not previously regarded of any biological
significance in living organisms [MER 87]. At present 27 elements are known 
to be essential for human life. Whereas ten of these elements Co, Cr, Cu, F,
Fe, I, Mo, Mn Se and Zn, have been declared as clinically essential for human
health. Most of the trace elements act as a catalyst in the enzyme systems in
cells, where they serve a wide range of functions, from weak ionic effects to
highly specific associations in the metalloenzymes. On the other hand certain
elements have been declared as toxic. However, it is very difficult to make a
permanent classification of the trace elements because toxicity is inherent
in all elements and is but a function of concentration levels to which living 
matter is exposed. This concept was first represented in the form of a dose 
response curve by Bowen and later on modified by Mertz [BOW 66 ; MER 87],
Fig. 1.1 . It shows that each element produces toxicity at certain
concentration levels and is compatible with life at a lower range of
exposure. Whether this lower range of exposure is tolerated by the organism 
or is required to provide a vital function, determines if an element is
essential or not. The quantification of the right hand side of the dose
response curve, describing toxic levels of trace elements, is relatively
1
easier to accomplish than that of the left hand side, because of the higher 
concentrations involved.
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Fig.1.1 Dose - response curve [MER 87].
The absolute requirement to maintain a given nutritional status is equal to 
the sum of daily diet losses of the element e.g through urine and skin, plus, 
where appropriate, the amount needed to maintain existing concentration of 
the element in a growing organism. Trace elemental requirements are 
established by determining in a typical defined diet that daily intake of the 
element under study which maintains the organism in an optimal nutritional
status. The dietary recommendations are expressed as ranges, rather than as 
single figures of intake. Safe dietary levels of potentially toxic trace 
elements have been established, depending on the extent to which other
elements that affect their absorption and retention are present [SUB 80].
These considerations apply to all the trace elements to varying degrees, but 
with some elements such as Cu they are so important that a particular level 
of intake of this element can lead to signs either of Cu deficiency or Cu 
toxicity in the animals depending on the relative intakes of Mo and S or Zn
2
and Fe.
The air we breathe is another source of trace elements depending on the
locale and time. Air particulates may contain a number of trace elements that 
may be harmful to human health. The penetration and retention of particles in 
the respiratory tract are a function of the particle size. Therefore, size 
distribution* of air particulates have important bearings on human health.
A number of trace element analysis techniques have been employed in order to 
determine . elemental concentrations in a variety of materials. In the first 
quarter of the century emission spectrography was introduced which permitted 
the simultaneous estimation of about 20 elements in low concentrations but 
this method of analysis lacked sensitivity as was pointed out by Underwood 
[MER 71]. In 1955 a new trace element analysis technique, Atomic Absorption 
Spectroscopy (AAS), was introduced which showed a high degree of sensitivity 
for several elements. But being a single element at a time technique, it has 
not been as popular as Neutron Activation Analysis (NAA), a multi-elemental
technique, which has been proved superior in sensitivity and accuracy. The
non-destructive nature of INAA is considered as a great advantage as other 
complementary techniques can be applied for further investigation. In NAA the 
most important source of neutrons is the nuclear reactor due to it’s
relatively high flux and because of high cross-sections for the radiative 
capture reactions (n , y) [ALF 90]. The whole reactor neutron energy spectrum 
is used in usual INAA, but in certain cases the use of a part of the neutron
spectrum is preferred, in order to exploit the large differences in the 
activation cross-sections between interfering nuclei and those of interest,
in the various energy regions of the neutron spectrum. For example, when the 
trace elements of interest are activated by an epithermal neutron flux while
the interfering major elements are activated by thermal neutrons, the
3
interference may be minimized by performing the neutron activation of the 
samples under cadmium cover.
In the present work INAA has been used for the elemental analysis of
bioenvironmental materials. Different methods, the absolute, the 
mono-standard, the comparative and the KQ-method (single comparator), for 
calculating the elemental concentrations are studied. The accuracies and
errors associated with these methods, when applied to a variety of materials, 
have also been compared in order to observe their suitability.
In INAA the amount of the material analysed is usually restricted by the dead 
time generated by irradiating and counting a sample of large mass. To avoid 
this, a sample of smaller mass is generally employed which, however, may not
be representative of the elemental content in the material. It is therefore
important to know the representative mass expressed in terms of sampling 
factors for a given relative error in subsampling, for the material under 
study. Representative masses for a variety of materials involved in the 
present work have been evaluated. Mass fractionation was found suitable to
avoid the problem of high dead time related to large representative masses.
This work includes the application of INAA in determining low levels of trace 
elements in human diet samples, making use of different nuclear activation
techniques. A further important application in studying environmental
pollution as part of an environmental monitoring programme funded by EEC as 
a Linkage programme for exchange of academic staff and researchers between 
EEC countries and African, Caribbean and Pacific states, is also presented.
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CHAPTER 2
NEUTRON ACTIVATION ANALYSIS
2.1 Introduction
The discovery of activation was made in 1934 by Curie and Joliot who
bombarded target elements A1 and Mg, with a  particles producing radioactive
products. Later on in 1936 , Hevesy and Levi suggested to use the activation
method for elemental analysis and used neutrons for the determination of Dy
and Eu [TOL 89]. It is primarily the use of neutrons which has allowed the
development of activation analysis into a powerful tool for determining the
elemental concentrations in unknown samples. Activation of the materials to
be analysed can be performed by the bombardment of neutrons (thermal or
fast), energetic charged particles or high energy photons. The elemental
analysis of unknown samples is generally, carried out through measuring
y-rays or x-rays produced as a result of activation. In neutron activation
analysis (NAA) elemental concentrations are carried out by the y-rays emitted
from the radioisotopes produced on activation of the material to be analysed.
Radionuclides produced by neutron activation are distinguished by their
characteristic y-ray energies and sometimes also by their half lives.
X However, some^lim es a radionuclide may be produced on neutron activation
which either has no y-radiation or an unsuitable half life e.g 12B (T = 201 °  v 1/2
ms). In such situations prompt gamma radiations (emitted during the time of 
irradiation) can be measured in order to calculate the concentration values.
5
Generally the prompt gamma ray measurement technique is not preferred 
compared to delayed gamma radiation measurement due to it’s poor sensitivity.
The activation carried out with reactor thermal neutrons is the most widely
used form of NAA due to higher activation cross-sections and the larger
neutron flux involved.
The amount of emitted radiations, either prompt or delayed, depends on the 
% number of atoms which have been activated. The number of activated n u c le i is
proportional to the number of W O £ (  in the target sample, therefore, the 
activation method can be used to analyse quantitatively the isotopic and 
hence the elemental contents of the sample.
NAA is a very sensitive technique for measuring low levels of elemental
concentrations in a variety of materials. Detection limits for various 
elements as low as parts per billion (1012) have been reported [BUD 83 ; ADE
83]. The sensitivity of the technique may further be improved by using radio- 
* chemical separation.
2.2 Neutron reactions
Neutrons being chargeless particles are not attracted or reflected by target
nuclei, still are heavy enough for a collision to be effective in causing
transmutation. On collision with the target nuclei, different nuclear 
reactions may take place which can be divided into two broad classes, namely,
scattering and absorption. In scattering reactions the final result is merely
j
an exchange of energy between the two colliding particles and the neutron
remains free after the interaction. On the other hand in the absorption 
process, the neutron is retained by the target nucleus resulting in a new
isotope. The most important nuclear reactions for INAA are radiative
capture, transmutation and inelastic scattering. The reactor neutrons which
may be classified into six groups of energies, as shown in Table 2.1, after
6
being captured by a target nucleus may cause
(a) Emission of radiations through (n , y) reactions.
(b) Ejection of a-particles through (n , a  ) reactions.
(c) Ejection of protons through (n , p) reactions.
(d) Fission products and neutrons through (n , f) reactions.
Neu t r  o n E n e rg y  range
C o ld < 2  x 1 0 ' 3 eV
T h e r m a l 2.5 x 1 0 ' 2 eV a t  293  K
S low 3 x 1 0 ' 5 to  1 x 10 1 keV
I n t  e r m ed ia te 1 x 1 0 ' 1 to  10 keV
F as t 1 x 1 0 ' 2 to 10 MeV
H igh > 10 MeV
R e f . [ LA P 7 2]
Table 2 .1  C lassification o f  r e a c t o r  n e u t r o n s .
Radiation capture (n , y) is the most common as it occurs with a wide range 
of nuclei. Whereas the reactions (b) & (c) are limited to only a few nuclides 
of low mass numbers with slow neutrons. The fission reaction is restricted to 
nuclides of high mass numbers.
All absorption and inelastic scattering reactions take place in two stages. 
The first stage is the capture of neutrons by the target nucleus to form a
7
compound nucleus which may either be stable or unstable, and then emission of
radiations or particles occur in case of an unstable compound nucleus afte./* (ieexcdnfciov\.
2.2.1 Radiative capture
In radiative capture a low energy neutron interacting with a target nucleus 
is captured and incorporated into the nucleus to form an isotope with mass 
number increased by one. Any overall mass loss is converted into energy and
may be emitted as y-rays and heat.
A-v" , 1 /  A + 1 v  \ ^  A + 1 -yr ,
Zx  +  0n  -------------- > (  Z *  }  » 2 *  +  y
(*  Excited state)
The product of the radiative capture may or may not be radioactive, but is 
generally the latter and preferentially emits (3’ particles, as capture of a 
neutron results in a nucleus with a neutron to proton ratio which is too high 
for it’s stability. Essentially all the elements from H to U exhibit
radiative capture to a lesser or greater extent. However, nuclei with magic 
number of neutrons show little tendency towards neutron capture e.g He ,
qo 209and g3Bi . The nuclei with magic number of neutrons i.e 2, 8, 20, 50,
82, and 126 or magic number of protons i.e 2, 8, 20, 50 and 82, show 
exceptional stability. Nuclei having magic numbers of both protons and 
neutrons are even more stable and are not important from INAA point of view.
2.2.2 Inelastic scattering
Inelastic scattering occurs when a neutron interacts with a target nucleus 
and gives part of it’s kinetic energy to the nucleus and recoils to conserve
the momentum, leaving the nucleus in an excited state. Inelastic scattering
is useful in NAA when the incident neutron imparts sufficient energy to the 
target nucleus to leave it in a metastable state with a life time, x > 10 5 s 
and scattering may be noted by (n , n 7) or (n , ny). A nucleus in a
metastable state will de-excite by nuclear transitions involving large spin
changes between levels of small energy difference. The nuclei in metastable
states have the same atomic number and atomic weight but differ only in their
radioactive properties and are said to be isomeric with respect to their
ground state. When the incident neutron imparts enough energy, higher than 
the binding energy of the least bound neutron in the target nucleus, two 
neutrons may be emitted from the nucleus resulting in a (n , 2n) reaction. 
The residual nucleus may de-excite by emitting a positron. Since the neutron
requires a kinetic energy greater than the binding energy of a neutron in the 
target nucleus (about 8 MeV) to produce the (n , 2n) reaction, this is less 
common in a reactor neutron flux.
2.2.3 Transmutation
This type of reaction occurs when a neutron is captured by a target nucleus
and the compound nucleus formed de-excites by emitting charged particles
e.g. (n , a) and (n , p). In transmutation reactions the chemical identity of 
the target nucleus is changed and a new element is produced as a result. The
transmutation reactions are endoergic which require a minimum energy Et
(threshold energy) to accomplish one of the above stated reactions which may
be expressed as
9
E - Q x
M + M n 2.1
T M
W he re
Q is  the d i f f e r e n c e  in m a s s  betw een the reactants 
and p r o d u c t s .
M ,  M are the masses o f  the t a r g e t  nucleus and neutron
n
r e s p e c t i v e l y .
A charged particle must have sufficient energy in order to overcome the 
Coulomb potential barrier, before emission can take place. According to the 
classical theory the energy required to overcome the Coulomb potential 
ba r r ie r  is
, R a are the nuclear radii for the product nuclei 
and emitted particle.
e is the charge of the electron.
The above expression shows that low Z target nuclei have low potential
barrier, therefore the transmutation reaction is possible with thermal
E,b
Where
, Za are the atomic numbers of the product nuclei
and emitted particle respectively.
10
neutrons.
2.3 The neutron activation equation
Neutron activation is the production of a radionuclide by absoiption of
incident neutrons. The induced activity A of a radioactive product may be
expressed as
A = n R (1 - e ^ U ) 2.2
Where
ti
X 
R 
n
A n d
Where
N q i s A v o g a d r o ’ s number
f  is the  f r a c t i o n a l  abundanceof the t a rg e t  nucleus
m is th e  m a s s  o f  t h e  target element
A is th e  a t o m i c  w e ig h t  of the t a r g e t  elementw
When a radionuclide is being produced by neutron activation, it will also be 
decaying at the same time. The net number of radioactive nuclei present in 
the sample at any time is the difference between the rate of production and
is the i r r a d i a t i o n  t ime
is the d ecay  constant  for the product isotope, 
is the r e a c t io n  r a t e  per  target nucleus 
is the number of t a r g e t  nuclei
N f  m on = ---------------------
A
the rate of decay, which may be expressed as
dN
   = n R - X N
d t
And
dN
  = n a  <]) - X N 2.4
d t
W here
a  i s  the reaction cross-section
§  i s the incident neu tron  flux
By solving the equation 2.4 , the number of product nuclei N produced after 
irradiation time fc may be calculated as
n a  $ *
N = -------------  ( 1 - eA h ) 2.5
In practice, a finite decay (waiting) time (tw ) to allow samples to move from
irradiation to counting positions, must be provided between the end of
irradiation and start of counting time (tc) during which period the
radionuclide will decay. Therefore, the number of product nuclei after
introduction of decay time tw will be
12
6  o  m f  N a  ^  ^ .
N = ------------------------( 1 - e K 11 ) e K tw 2.6
A X
w
For calculating the detector response (D), the intensity (I) of the y-ray of 
interest, the efficiency of the detector (e) for corresponding energy of the 
radiation and the decay of the radionuclide during the counting time (tc) 
must be taken into account, therefore
(b a  m f  N a I e a ..  ^ . a .
D = ------------------------------( 1 - e A 11 ) e K tw ( 1 - e K tc ) 2.7
A X
W
The above equation is known as the conventional or single shot neutron 
activation equation, which can be applied for the determination of the
elemental concentrations in irradiated samples.
In order to improve the detection limits of the elements of interest,
especially when short-lived radionuclides e.g 20F (T = 11 s) and 77mSe
1 / 2
(T = 17.5 s), are involved the samples are made to oscillate between
irradiation and counting positions for a pre set number of cycles, using
appropriate timing parameters (for ti, tw and tc). This method of sample
activation is known as Cyclic Neutron Activation Analysis (CNAA) [SPY 81].
The detected radiation spectrum of each cycle is summed to provide a
cumulative detector response for the pre set number of cycles. The above
stated equation 2.7 may serve as detector response for the first cycle
13
<b a  m f Na I e * . * . * .
D i =  -----------------------------------( 1 -  6 K h ) 8 K tw ( 1 - 8 K tc ) 2.8
A  X
w
The detector response for the second cycle will be sum of the residual 
activity from the first cycle and additional activity induced during the
second cycle, therefore
D2 = Di + Di e^ ^  2 9
And
T  =  ti +  twl +  tc +  tw2 2  IQ
Where
T is  the cyc le  pe r iod  
twi & tw2 are the waiting t imes  between the end of i r rad ia t ion  
and s t a r t  of count ing  and between the end of counting 
and s t a r t  of i r rad  i ation fo r  another cycle, respectively
Now the detector response for the nth cycle will be
D n  =  D i  (  1 +  8  *  T  +  8  2  *  T  +  ___________  +  £  <n  " »  *  T  )  2 . 11
14
SINGLE S H O T  ACTIVATION'
S A T U R A T IO N
100
D e ca y
G r ow th  d u r i n g
H a l f  - l iv e s
F i g .  2.1a G r o w th  and decay o f  r a d i o a c t i v i t y  [DES 72] .
CYCLIC A C T I V A T I O N
2 n d  c y c l e
<—  t c t w
Time
F i g .  2.1b T h e  var ia t ion  of i s o t o p e  a c t i v i t y  w i t h  t im e  and cycle number 
[SPY 81].
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Therefore the cumulative detector response for n number of cycles may be 
expressed as
n
Dc =  \  Di 2.12
i= l
Or
n
Dc — D i 2.13
1 - e- X T
From the above equation, it may be observed that the cumulative detector 
response is dependent on the timing parameters, therefore their proper choice
is important in the determination of a radio-nuclide. For a total
experimental time Tt = n T, the maximum value of Dc occurs when tw = 0 and ti 
= tc = T/2 [KER 78]. Practically zero waiting time is not achievable, and for 
ti and tc , there are restrictions which depend on the composition of the 
sample matrix. The problem j of dead time and back ground also have to be
considered before deciding the timing parameters and number of cycles.
2.4 Irradiation facilities
In order to carry out bioenvironmental studies by INAA, the irradiation of 
the samples involved was performed at the Imperial College Reactor Centre
(ICRC), Silwood Park , Ascot. The reactor is a CONSORT mark II model and is a 
swimming pool type which is moderated, reflected, cooled and partially 
shielded by light water. In normal circumstances the reactor operates at it?'
16
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maximum power, i.e 100 kW . Concrete has been used as a biological shield for
the reactor. On two sides of the reactor concrete blocks are stacked to 
provide a wall 2.5 m wide, whereas permanent neutron beams and irradiation
facilities are provided on the other two sides of the reactor, as well as in 
the centre of the core. The concrete blocks are removable for easy access to
the irradiation facilities. Four meters of water and two concrete blocks 
attached to trolleys are available for shielding at the top of the reactor. 
For further information about the reactor specifications, see the relevant 
ICRC report [ICR 80].
A number of irradiation facilities are available at the ICRC, a brief 
description of all the facilities have been reported by Burholt [BUR 76]. The 
neutron irradiation facilities used in the present work of activation
analysis are the in-core irradiation system (ICIS), the cyclic activation
system (CAS) and core tubes (CT).
2.4.1 The cyclic activation system ( CAS )
This system was installed on the zero degree face of the reactor. It was
primarily developed between 1974 and 1981 to determine short-lived
radio-nuclides by Spyrou and his team, at the University of Surrey, in
collaboration with the group at the ICRC. Conventional (single shot) and
cyclic irradiation of samples can be performed either in a mixed neutron flux
or an epithermal neutron flux, making use of the aluminum and cadmium 
shielded irradiation tubes. These two tubes are located adjacent to one of
the vertical faces of the reactor core, both tubes are made of aluminium and
are concentric with an inner flight tube of diameter 17 mm , while the outer 
tube has diameter of 24 mm. The outer tube provides an annulus through which 
the return gas flows, to move the samples between irradiation and counting
18
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positions. One of these two irradiation tubes is permanently clad in 1 mm 
thick cadmium at the core end for a length of 560 mm . Flight and gas tubes 
emerge as separate polythene tubes at the transmission manifold position to 
reduce the aluminium contamination picked up by the capsules used for the 
sample irradiation, see Fig.2.1. The capsules (15 mm dia. x  30 mm height) 
used in this facility are made of polythene. These capsules containing the 
samples are loaded into a vertical aluminium tube of 17 mm diameter which 
ends in a magazine consisting of a precision machined aluminium disc 
containing 30 equally spaced capsule ports and held in contact with a 
polytetrafluoroethene (PTFE) base at the top plates to prevent gas leakage. 
These capsules are ejected one by one from the magazine into the irradiation 
tube. The movement of the capsules between irradiation and counting position 
is carried out with the help of nitrogen gas at 0.5 atmospheric pressure, in 
a short time period typically of 0.2 s. This facility has been discussed in 
detail by different authors [SPY 81 ; BUR 82]. Four modes of operation are 
available at the CAS facility
Mode A: This is the most efficient and time saving mode for the irradiation
of samples. There are always three capsules present in the system, while one
capsule is being irradiated the second is at the waiting (decay) position and 
the third at the counting position. Therefore in this mode the irradiation,
waiting and counting times have to be equal.
Mode B: In this mode two capsules remain in the system, when one capsule is
being irradiated the other will either be at the waiting or counting 
position. In this mode the irradiation time has to be longer than the
counting time to allow the movement of the capsules from irradiation to
counting positions.
Mode C: This is the most simple mode of operation, having only one capsule
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at a time in the system, therefore it is a relatively time consuming mode of
operation but allows a free choice of irradiation, decay and counting times
for each sample.
Mode D: This mode has specially been designed to perform automatic cyclic
activation of predetermined number of samples (up to 48) in sequence. It also 
provides a free choice for the irradiation, decay and counting times for the
set of samples for a given setting of the number of cycles. Only one sample 
remains in the system at any time and carries on shifting it’s position from
irradiation to counting for a preset number of cycles and then is ejected out
of the system when a new sample is then automatically introduced into the
system.
The counting station is made of perspex which may hold two detectors. It is
shielded with lead to reduce the background count level. At present only one
detector i.e a true coaxial type Ge(Li) detector with an active volume of 30
cm2 and resolution (FWHM) of 1.7 keV at 1332 keV , is available on the CAS
facility although in the recent past a HPGe was also attached for the
detection of low energy photons. The detector is connected to a general
purpose computer and MCA i.e a Nuclear Data System ND6600 . When the cyclic 
mode of operation is used, the accumulated spectrum for the pre set number of 
cycles is obtained by the ND6600. The y-ray spectrum of each cycle may also
be stored separately on soft discs by interfacing a computer (BBC) with the
ND6600 through a serial port.
2.4.2 The in core irradiation system ( ICIS )
In this system the irradiation of the samples is carried out in the centre of 
the reactor core, where the highest neutron flux is available, see Table 2.2.
The irradiated samples are transferred to the radio-active store through a
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fast pneumatic system operated by oxygen-free nitrogen at a pressure of 2 
atmospheres. The counting system is relatively far away compared with CAS , 
therefore the transfer time for the samples after irradiation is higher i.e 
about 17 s . The transfer tube is made of aluminium with a diameter of 19 cm 
and wall thickness of 1.7 mm. The irradiation tube inside the reactor core is 
encased in another concentric aluminium tube with clearance being 2.6 mm.
Unlike CAS this system has not been directly connected to a counting and data 
acquisition system. The irradiation and counting systems operate 
independently. Samples are doubly contained in polythene capsules, the inner 
capsule (containing the sample) is 15 mm in diameter x 10 mm height which is 
placed in a polythene tube of 15 mm diameter x 70 mm in height. Each 
polythene tube, generally, contains one capsule along with a spacer to keep 
the sample position the same for irradiation. The polythene tubes are first
heat sealed and then loaded into the magazine (which may hold up to 38
samples) at the ICIS facility. The samples are transferred in sequence to the
irradiation position in the center of the reactor core through a pneumatic 
system, observing the preset waiting and irradiation times. After irradiation
the sample tubes are transferred to the radio-active store, where the samples 
are cut out of the polythene tubes and may be transferred to the fresh 
capsules in order to avoid background counts from the irradiated capsules.
The irradiated samples are then manually carried to the counting room, where 
Ge(Li) and intrinsic detectors, linked to a ND6700 system, are available. The
waiting time between the end of irradiation and start of counting and the 
counting time is scheduled on the ND6700 . The total scheduled time for
waiting and counting must be equal to the total scheduled time set for 
waiting and irradiation at the ICIS . The disadvantage of this system is that
radionuclides with short half lives (a few seconds) cannot be
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Facility Positions Thermal flux 
(n/cm 2 s )
Cd ratio 
for Au
Epithermal 
flux ratio
Fast flux 
(n/6m2 s )
ICIS - 2.27 x 1012 2.2 0.054 1.17 x 1012
CAS Bare tube 1.20 x 1012 2.3 0.049 0.52 x 1012
CAS Cd tube 1.92 x 1010 1.05 2.37 0.41 x 1012
1 CT 1, 6 0.63 x 1012 0.16 x 1012
(large tube) 2 ,5 0.87 0.23
3,4 1.01 3.2 0.028 0.25
2 CT 1, 6 0.86 x 1012 0.35
2 ,5 1.20 0.35
3 ,4 1.39 3.0 0.032 0.38
3 CT 1, 6 0.79 x 1012 0.24 x 1012
2 ,5 1.10 0.33
3 ,4 1.28 2.9 0.033 0.36
4 CT 1, 6 0.72 x 1012 0.19 x 1012
2 ,5 1.00 0.26
3 ,4 1.16 3.2 0.028 0.29
5 CT 1,6 0.63 x 1012 0.12 x 1012
2 ,5 0.88 0.16
3 ,4 1.02 4.2 0.019 0.18
6 CT 1,6 0.71 x 1012 0.22 x 1012
2 ,5 0.99 0.30
3 ,4 1.15 3.3 0.028 0.33
7 CT 1,6 0.74 x 1012 0.22 x 1012
2 ,5 1.03 0.30
3 ,4 1.19 3.0 0.032 0.33
8 CT 1, 6 0.14 x 1012 0.14 x 1012
(Cd tube) 2 ,5 0.20 0.20
3 ,4 0.23 1.04 4.15 0.22
0° facility 1 0.51 x 1011 0.32 x 1010
(STF) 2 0.74 0.56
3 0.98 0.56
4 1.20 3.0 0.031 0.95
5 1.40 1.11
6 1.46 1.18
VTC Max. (base) 2.7 x 108 18 0.0036 < 7  x 106
Mid-hieght 1.8 x 107 160 0.0004 < 7  x 106
Table 2.2 Neutron flux values for different irradiation facilities of 
CONSORT II reactor.
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measured with accuracy, as the minimum transfer time for the samples is about 
17 s and a further time of about 40 s is required for transferring the
samples into fresh capsules from the polythene tube and carrying them to the 
counting room. But this facility does have the advantage of low background,
the counting system being far away from the reactor compared with the CAS, 
and absence of impurity counts from the irradiated capsules.
2.4.3 The core tubes ( CT )
There are eight vertical core tubes provided, at the 90° and 270° outer faces 
of the reactor, for long irradiation of the samples. Seven of these tubes are 
made of aluminium and used for reactor spectrum neutron activation while the 
eighth tube is cadmium sleeved for epithermal neutron irradiation. There are 
six positions available in each core tube for placing the sample tubes. The
sample loading is performed manually and generally, loading and unloading of
the samples is done when the reactor is shut down, to minimize radiation dose
to the personnel who execute this task. The minimum irradiation time is about
8 hours i.e a full working day. Double containment of the samples is required
for sample irradiation, like at the ICIS. The samples are placed in polythene
capsules, which are further packed in a polythene tube (25 mm diameter x 75
mm height) that may contain up to 11 capsules. The polythene tubes containing
sample capsules are heat sealed before being irradiated. The neutron flux 
values for different core tubes and various positions in the core tubes are
also presented in the Table 2.2. The samples contained in the polyethylene
tube are allowed up to 90 hours of irradiation, as these might burst or crack 
during irradiation if left for significantly longer periods. The irradiation
of samples for longer times (> 90 hours) require aluminium containment which
can resist neutron damage.
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CHAPTER 3
METHODS FOR MEASUREMENT OF 
ELEMENTAL CONCENTRATIONS
3.1 The comparative method
In neutron activation analysis the comparative method has extensively been 
used for the determination of elemental concentrations in a variety of 
materials. Samples to be analysed are irradiated along with the standards, 
followed by the measurement of the induced activities. Comparison of the 
activities of the samples with those of the standards, allows a simple
calculation for the measurement of the elemental concentrations. These
standards may either be single or multi-elemental. Conventional analytical
grade reagents can be used as single elemental standards. Generally aqueous 
solutions are preferred to solids in order to minimize the problem of
homogeneity and to facilitate dilution. Standard solutions with accuracy of
0.3 to 0.5 % are commercially available. High precision pipettes are normally 
used for dispensing the individual standards. Simultaneous determination of 
several elements in the same sample requires a number of single elemental 
standards, whereas their handling is not simple when using NAA. Therefore, 
multi-elemental standards are often preferred. Multi-elemental standards can 
be prepared by dispensing several standard chemical reagents on carrier
materials e.g paper, graphite, serum [TOL 89]. This procedure is not only 
laborious but may also cause additional errors during the preparation
process. The standard should be similar to that of the sample to be analyzed, 
with respect to the matrix type and concentrations of the elements of
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interest. It is usually, more convenient to use commercially available
reference materials (R M ) in NAA. RM are generally, prepared by 
international public or private organizations, the most important ones are :
the National Institute for Standards and Technology (NIST) Gaithersburg, USA 
, the Community Bureau of Reference (BCR) Brussels, Belgium and the
International Atomic Energy Agency (IAEA) Vienna, Austria. In establishing
the certified values of concentrations of several elements in a RM, inter 
comparison campaigns are usually arranged by these organizations. The
potential RM samples are sent to a number of selected and reliable 
laboratories for elemental analysis and then the results obtained from these 
laboratories, once accepted, are used to calculate the overall mean values. 
The standard error on overall mean values of concentrations calculated as:
Standard d ev ia tio n  of the o v e ra l l  mean value 
Standard Error = ------------ —-----------------------------------------------------------
Sq.root of the No. of accepted L abs .averages
The detailed discussion about the evaluation of procedures adopted by the 
IAEA for the derivation of recommended or certified elemental concentrations, 
has been reported [PAR 88 ; GOR 74]. After evaluation of the results, the 
intercomparison material is announced as a RM only if sufficient and
meaningful results are obtained. Intercomparison studies have recently been
conducted to introduce three new biological RMs by IAEA , milk powder 
(IAEA-321), clover (IAEA-156) and whey powder (IAEA-155).
The introduction of high resolution semiconductor detectors over two decades 
ago has vastly expanded the application of the INAA. Therefore, the use of 
RMs of various matrix types has also grown at a great rate, especially, 
during the last decade [GUI 88]. The comparative method is well suited when
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RMs similar in composition to the sample being analysed are available, but
problems arise when the element of interest detected in the sample is neither
present nor does it have a  certified value in the RM being used. Certain 
elements detected in the RM may have poor precision corresponding to
significantly high relative standard deviation of the gamma lines of 
interest, which may cause unreliable results [GUI 80].
Elemental concentrations, employing the comparative method can be determined 
by activating a suitable RM or a number of single elemental standards along 
with the samples to be analysed under similar irradiation and counting 
conditions. Elemental concentrations in any sample can be calculated by 
employing the following simple expression, when the concentration of the
elements of interest are known in the RM being used
Where 
C C
xl ’ x2
D D
1 , 2
M ,M 
1 ’  2
The same expression 3.1 holds for all irradiation facilities used in this
work (CAS ICIS, CT), however, two additional correction factors have to be
C M  C
x 1 1 x2 2
3.1
are the concentrations of the elements in the
RM and in the sample, respectively.
are the area counts for the y-line of interest
in the RM and and the sample , respectively
are the masses analysed for the RM and sample 
respectively.
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\introduced when samples are irradiated in the CT facility. The neutron flux
variation with the sample position in the CT irradiation tube may be measured
by introducing a neutron flux monitor in this case Zr wire, along the length
of the irradiation container. The second correction factor arises due to the 
variation in decay times before counting of the standard and samples. This
correction factor approaches unity when measuring very long-lived (with half 
lives of the order of months). The expression 3.1 can be modified as
‘ X l  1 C , D M <b e
x l  x2 1 T 1
---------------------------------  3.2
-X t  »D M d) e w2
x l 2 Y 2
Where
The decay time for the RM and the sample, respectively.
The flux for the RM and the sample, respectively, 
related through the flux monitor.
The comparative method is generally preferred for the elemental concentration 
measurements when using INAA, mainly due to its simplicity and relatively low 
errors. All the errors arising due to the unreliable nuclear data and 
detector efficiency are eliminated. The only sources of errors are the
standard deviation on the area counts for the y-line of interest and the
errors on the certified values of the concentrations in the RM being used.
wl , w2
*i A
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\3.2 The mono standard method
The problems associated with the comparative method, as indicated in section
3.1 using RMs for elemental analysis may be overcome by using a single 
standard. This method is very simple regarding activation, measurement and 
preparation of standard. A suitable element (the mono standard) has to be 
selected according to the irradiation and counting conditions. For example
for long irradiation Fe, Au or Zr may be used while for short irradiation Ca,
V, or Mg may serve the purpose. Exact knowledge of the effective activation 
cross-section of the mono standard element for the given flux distribution
and of the relative intensities of the y-lines of interest is necessary for 
elemental analysis. The comparative method for determining the elemental 
concentrations has been described and successfully applied for elemental 
analysis using INAA, by different authors [KIM 73 ; KER 78 ; ADE 83 ; SHU 84 
; ADE 88].
When an element of mass m is irradiated in a reactor for a time ,t-, and
counted for tc after a decay time of t the detector response (full energy 
area counts) can be expressed as follows
A -Xt -Xt  -Xt
N f m a  <j) Iy8 (1 - e *)( e w )(1 - e c )
D = — ---------------- -------------------------------------------------
A X
w
Along with the thermal neutrons, epithermal neutrons also contribute to the 
(n , y) reaction. Therefore flux and activation cross-section may be 
expressed as:
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3.3
^ = ^ . h + <Lt n ep
A
o  =
o  (b
th  Yth
4>
<l>0 ep 
+
3.4
Where
<j) is the to ta l neutron flux .
A
a  is the e f f e c t iv e  a c tiv a tio n  cross-section.
^ th’^ ep are the therm al and epitherm al neutron flux
I is the resonance in teg ra l
I = o
00
dE
g(E )------
Ecd
Ecd is the cadmium cu t-o ff energy.
When . .
§
A eP
a  = I ----------- + a
0 <j> 111
th
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Mass of any element, X , in the sample to be analysed can be
determined through the ratio of the detector response for the element, X ,
and mono standard element, S , keeping the irradiation and counting
conditions the same for the sample and the mono standard element. Then by
using equation 3.3 the ratio of the detector responses for the element of
interest, X , and mono standard element, S , is
A -X t. -X t - X t
D m f I e A X a  (1 - e x 1 ) e x w (1 - e x c )
X x x x x s s x
D -X t -X t -X t
m f I e A X a  (1 - e s 1 ) e s w (1 - e s c )
S S S S x  x  s
3.5 —
m
= K ——  3.6
X m
s
a constant for the element of interest.
D
X
D
s
Where K is
* -X t -X t -X t
f  I e A X o  ( l - e x l ) e x w ( l - e x c )
X X X  S S X
K =   3.7
x A -X t. -X t -X t
f  I e A X g  (1 - e S1 ) e s w (1 - e sc )
S S S X X s
Therefore, the mass of the element in the sample can be determined by 
rearranging equation 3.6
D m
X s
m = -------------  3.8
D K
S X
a re  the m a s s e s  for the elem ent in th e  
sample a n d  mono standard , r e s p e c t iv e ly ,  
a re  the d e t e c t o r  responses fo r elem ent 
in the s a m p le  and the mono s tan d ard , respectively.
Correction factors for residual dead time and pile up should also be included 
in Eq 3.8 . Gamma ray measurement systems associated with CAS and ICIS are 
capable of correcting the dead time losses and also for pile up (pile up 
rejector circuits are available in the systems).
Another factor is flux correction of the sample and mono standard, which is 
significant for the CT facility but may be neglected for the CAS and ICIS 
facilities where samples are irradiated one by one and at the same position 
of irradiation unlike the CT facility. Eq.3.8 should be modified for the CT 
facility as:
D m <b
X s s
m = ----------------- 3.9
D K <b
c ' yr
W here 
m , m
X s
32
This method has also been often used by different researchers who claim good 
accuracy. The associated errors are quite comparable with those obtained in
the comparative method.
3.3 The absolute method
Another solution to the drawbacks of the comparative method may be provided
by the so called ’absolute method’ which requires no single or
multi-elemental standard for the determination of elemental concentrations. 
About forty years ago the feasibility of the absolute and the comparative 
method in activation analysis was discussed and due to unreliability of the 
nuclear data the comparative method was claimed more accurate [BOY 49]. Later 
on the absolute method was employed for measuring the elemental 
concentrations using NAA when significantly higher associated errors were 
reported relative to the comparative method [GIR 64]. The elemental 
concentrations of any sample may be determined by making use of the well 
known neutron activation equation ,i.Q
D X A
m = ------------------------------------------------------------------  3.10
^  - Xt -Xt -Xt
N f  a  <|) e I (1 - e 1 ) e w (1 - e c )
The mass of any element can be determined by Eq.3.10 when all nuclear data
values are available together with the neutron flux distribution and the 
efficiency of the detector involved. The sensitivity and precision of the 
determination of the concentration of an element in a material will depend on 
the energy of the y-line involved and also on the measurement conditions. The 
accuracy of the method relies mainly on the nuclear parameters involved such
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as the effective activation cross-section, the half-life of the radionuclide 
and the isotopic abundance. The quality of the nuclear data available is
improving which may increase the utility of this method. Results obtained 
using the absolute method mostly have poor accuracy and higher errors
relative to the comparative method, where all variable factors associated
with the neutron flux, irradiation time, activation cross-section, efficiency
coefficient of measurement etc. are largely self compensating. In fact this 
method has very rarely been employed in practice [TOL 89].
3.4 The Kjj - Method ( single comparator )
The single comparator method was first evaluated and introduced by Girardi 
[GIR 65]. Practical application of this method has proven to be successful
with accuracy and precision similar to those of classical methods. This
single comparator method was not different from the mono standard method. It
was suggested that the K (as defined by Eq 3.7) values once calculated for 
the elements of interest may be used for measurement of the elemental
concentration in future. But the draw back with the K values was that these
X
values were only valid for a particular irradiation facility. Any change in
^th^ep rat*° can c^an^e Kx values. This problem was discussed by Girardi
but no procedure had been suggested for making corrections when switching 
from one to another irradiation facility.About ten years later further
studies were carried out to make this single comparator method more useful
and a procedure was introduced for switching the K values from one 
irradiation position to another with a different rad° [SIM 75].
These Kx values were now defined as the KQ-factors which may be calculated
for a reference position in a reactor (index ’ref’) with the help of a 
suitable comparator element and can be modified for any other irradiation
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position used for analysis (index ’anal’).
The theoretical K^-factor for selected elements, otherwise known as the 
standard elements (index ’std’), is expressed in terms of the comparator 
element (index ’com’), as defined by Moens [MOE 77].
M ( f  I g a  ') .
com  0 std
 x -----------    3.11
M ..d  ( f l g o . )U com
W here
g is the Wes t c ot t factor
M is the a tom i c mass
The K q values may then be determined experimentally, using the procedure
adopted by Moens et al [MOE 77] for a reference reactor position, with a 
stable thermal-to-epithermal neutron flux ratio. In their work a number of 
standard elements and the comparator element were irradiated and counted
under the same conditions and their specific activities were calculated. The 
thermal-to-epithermal neutron flux ratio was determined from the cadmium
ratio of an appropriate monitor i.e Au . The relative efficiency variation 
with energy for the detector used was also determined. The K values for
0 , s t d
a number of radionuclides, produced as a result of the irradiation of the
standard elements at reactor reference position were expressed as:
K =
0,std
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K
0,std K  f ,  X  ref,std
d) IYth o
<---------  } ref+  <--------  Li ret ___ com _
9  v eep th com
X 3.12
♦th I st d
( -T -  U + (—  ) .t4
9  CT uTep th
In which
o o
(------) , and (------- ) values have been taken from the literature.
~  std v _  com
CT i.  a  uth  th
where e is the absolute efficiency of the y-ray full energy peak of interest.
and
K
r ( a  ) i
sp s td
ref,std ( A )v sp com ' ref
3.13
where
A is the specific activity which can be expressed as
DA,
A =
sp
(1 - SXt i ) b X u  (1 - h X u ) m
3.14
with m as the mass o f  the element
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The Kq s  ^d values have recently been compiled for 121 radioisotopes by De
Corte et al [COR 89], using Au as a comparator element. Now these
experimentally determined K q std values can be used for any irradiation and
counting conditions selected for analysis and also for any other suitable
comparator (other than gold) , after making certain modifications. The K q std
values being calculated relative to a comparator element like gold i.e (
K q std ) ^ u can be changed for any other comparator used in the analysis like
zirconium i.e (K ,)„ , providing that the K value for Zr relative too,st<rZr r  °  o , s t a
gold i.e (KQZr)Au is available.
( K 1
V 0,std Zr
< K0,Zr )* .
3.15
Once the conversion for the comparator has been performed, the compiled 
K values have to be modified for the irradiation and counting conditions
o , s t d °
used for the analysis. Therefore, along with the samples to be analysed, a 
suitable comparator element (in the present work Zr was used) should be 
irradiated and counted under similar conditions. The flux ratio ^ A t^ p  
the efficincy of the counting system also have to be determined 
experimentally. After determining flux ratio, efficiency and specific 
activities for the comparator and the elements of interest (standards), the 
compiled K q ^ d values can be modified for the analytical reactor position
i.e (K ) with the help of the following expression:
w^ Slu Sffldl
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CK 1 =
0,std anal
f 1th o
(- —  )« 4+ (~ ).»d
♦ th I 0
(~  ),„d+ C—  )< 
* °0
st d
x (Kn )v 0,std 7
(Kq std )anal may also be expressed as
3.16
( A )sp std
anal
^S),std  ^anal ( A )sp com 3.17
anal
Making use of expression 3.14 the above expression 3.17 can be written as
D X
(1 - eX a) eXtw (1 - ^ tc) m
= (K ) x0,std anal ( A  )sp com
anal
3.18 -L
The Ko>std values after correcting for flux, efficiency and also for the
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comparator used other than gold, can now be employed for determining the 
elemental concentrations in the samples to be analysed. The above expression 
can be used for the determination of concentrations for the elements of
interest as
DX
m =
(K ) x
0,std anal ( A )sp c om x (l - t Xti) 8Xtw (1 - bX u )
anal
3.19
3.4.1 Flux measurement
The thermal to epithermal neutron flux ratio is an important parameter to be 
determined experimentally for the determination of the KQ-factors. Several 
procedures can be adopted for the flux ratio measurement. In NAA studies, 
generally, the cadmium ratio method , two foil method or multi isotopic foil 
methods are employed for determining the ^ A t^ p  ratios. The most common 
method is by measuring the cadmium ratio (CR) for the isotopes having well 
known nuclear parameters. Gold foil is most often used for this purpose. 
Irradiation of gold foil with and without a cadmium cover is carried out and 
their specific activities are measured. The cadmium ratio (CR) is, therefore, 
measured and then using this value, the can be calculated by the
following expression:
Reaction rate without cadmium cover
CR = -----------------------------------------------------------
Reaction rate with cadmium c o v e r
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Or
Gth +* + l0 tp
CR = ----------------------------- 3 20
Id) ^ zu
0 ep
Thermal to epithermal neutron flux ratio can be determined from the above 
expression when cadmimum ratio is known.
I
—  =  —  ( CR - 1 ) 3.21
In this method the detector efficiency calibration is not required since the
igo
same isotope i.e Au , is measured following the irradiation. But the 
method cannot always be applied because in some reactors or for certain
irradiation facilities, irradiation of cadmium is prohibited, as it may cause
unacceptable sudden changes in reactivity. Flux depression may also result in 
the close vicinity of the cadmium covered sample being irradiated and
therefore, cadmium ratio measurements can not be carried out simultaneously
with the samples.
Another technique serves well to overcome the above said problems, by
eliminating the use of cadmium altogether. In the two foils method, two foils 
of suitable elements with different cross-section curves are selected. The
difference between the (n , y) reaction cross-sections for the two selected 
foils should be as big as possibly achievable. For measuring the 
ratio two foils (A & B) are irradiated and counted under the same conditions
and by the following expression the flux ratio can be calculated:
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3.22
Aep sp ,A
A"
s p ,B
Wh e re
Awa »Awfi are the atom ic weights o f the fo i l s  A & B  respectively.
(The other sym bols have already been defined)
Therefore, by measuring specific activities of foil A and foil B and the 
efficiency curve experimentally and using the literature nuclear data values,
inaccuracies may be caused due to the efficiency determination and also due 
to weighing and absolute counting of the two foils. Poor precision may arise 
for foils with relatively small differences in the Iq/o^  values.
Another method can, however, be employed to eliminate inaccuracies caused 
through weighing of two foils. A one foil method has successfully been 
applied for the measurement of flux ratio [SIM 75]. The one foil method is 
relatively simpler where one element is selected which has two or more 
isotopes with large difference in their Iq/cf^  values. Tin (Sn) foil has two 
such appropriate isotopes i.e 112Sn (Iq/ ^  = 38.6) and 116Sn (Iq/o^  = 81) 
has been used for measuring the ^ j/^ g p  ratio. The multi isotopic element and 
Ru was also suggested and successfully employed for flux ratio measurements
the ratio can be calculated by the above expression, 3.21. The
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and also as a single comparator [VAN 73]. But due to relatively lower
differences in the Iq/ct^  ratios for the isotopes 96Ru and 102Ru which is
20.7, flux ratio measurements were made with relatively poor precision. About
three years later the multi-isotopic monitor Zr was suggested for measuring
the thermal to epithermal flux ratios and also as a single comparator [SIM
76]. Two isotopes of zirconium 94Zr and 96Zr , can be used for the
ratio measurement. The difference in Iq/g^  values for the two isotopes is
considerably higher (i.e 245) when compared to Sn and Ru foil monitors
mentioned before, and therefore, should produce flux ratio measurements with
better precision. The accuracy and precision obtained with Zr foil as a flux
monitor were reported quite satisfactory, compared with the values
determined by the cadmium ratio method using gold as a monitor [SIM 76].
•In the present work Zr is selected for the ^A f^p  ratio measurement.
Zirconium metal is available in the form of foils and wires in a variety of
thicknesses. Therefore Zr can easily be placed close to the samples for
measuring the neutron flux ratio and elemental concentrations in the samples
with good accuracy and precision. Self absorption correction could be
neglected, especially when using thin wires and for highly thermalized
channels where ^ / ^ p  > 50. The absorption cross-sections of Zr for thermal
and epithermal neutrons are favourably low i.e G = 0.18 b and I = 1 b ,
abs abs
which may significantly reduce the self absorption problem [SIM 76]. For
measuring the ^ A t^ p  ratio Zr wire was irradiated along with the samples and
the specific activities for the two isotopes produced i.e 95Zr (TJ/2= 65.5 d
, Ey= 724 , 756 keV) and 97Zr (J m =  16.8 h ,E^=743 keV) were calculated as
A^(95Zr) and A^(97Zr) respectively.
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A (95Zr)
sp
Specific activity ratio = ---------- —--------
A s„ ( Z r)p
After calculating the activity ratio, the expression 3.22 may be used for 
measuring the ^ A t^ p  value.
3.4.2 Efficiency measurement
Absolute efficiency of the detection system is an important parameter for the 
elemental concentration measurements while using mono-standard, absolute or
single comparator methods.In the present work carried out at different 
irradiation facilities (CAS, ICIS, CT) only Ge(Li) detectors have been used
to measure the resulted activities. The efficiency determination was 
performed by using radionuclide reference sources. Errors in determining the 
full energy photo peak intensities for the y-lines of interest may arise due
to the sum coincidence effects, especially ,when the reference sources used 
for efficiency calibration are emitting two or more radiations in coincidence 
and the reference sources are placed close to the detector. Procedures for
the correction of sum coincidence effects are available in the literature 
[GEH 77 ; CAL 75]. Sum coincidence due to two y-lines (y and y ) can be 
expressed as:
Ni2 = S £i e2 Yi Y2 a 2 w(o°) 3.23
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W here
N is the fu 11 energy peak area.
S is the number of decays over the observation period.
e is the i n t r i n s i c  fu l l  energy peak ef ficiency.
Y is the y - r a y  y ie ld  per d is in tegrat ion .
n is the s o l i d  angle (s tradian).
W  (  0 ° ) is the f r a c t i o n  for the angular co rre la t ion  of  the
y-ray peaks .
The summing effect depends on the solid angle therefore, it can be minimized 
by increasing the source to detector distance and thus reducing the solid
angle. According to Egan [EGA 77] the efficiency values measured at 5 and 10 
cm (source to detector distance) show anomalies for the full energy y-peaks
133from a Ba ’point’ source and therefore 15cm have been suggested to 
minimize the sum coincidence effects. However, a source to detector distance
of about 100 mm has also been mentioned in the literature in order to 
minimize the sum coincidence effects [MEY 76 ; ERT 88]. The other error
associated with the peak intensities of the y-lines of interest may appear 
due to high dead time and pulse pile up. This problem can be minimized by 
keeping the pulse rate favorably low.
In the present work, samples were prepared in the form of 7 mm diameter discs 
(pellets) about 1 mm thick. As the shape and size of the samples are
considerably different from the reference sources used for efficiency 
calibration therefore, geometrical problems may arise, causing inaccuracies. 
This particular problem has been tackled in several different ways [WIL 66 ; 
WIE 77 ; MOE 81]. In this work a semi empirical method has been adopted which 
is applicable to the peak efficiency calculation for the coaxial Ge(Li)
AM
detectors, considering point , disc, and cylindrical sources. The 
efficiencies of coaxial Ge(Li) detectors used at different irradiation
facilities i.e CAS, ICIS, and CT were measured at 100 to 150 mm distances
from the detector. Therefore, the problem of sum coincidence, dead time and
pulse pile up were minimized. The determination of solid angle was carried
out with the help of a computer program ( solid. A * [KHR 87]. The full energy
photo peak efficiency £ and solid angle were measured for the reference
position i.e Cl and e respectively. Therefore, efficiency e (at a
rci tci . anal
source to detector distance used for sample activity measurement) can be
calculated after determining the Q by the following expression:
Cl
anal
£  =  £  X
anal ref Cl
3.24
ref
The area counts for the y-ray full energy photo peaks were calculated by the
SAMPO program [ROU 69]. The efficiency curve fitting was performed by a SAMPO
subroutine called EFFITDO . It calculates values of four curve fitting
parameters i.e P , P , P3 and P4 . The efficiency values for the required
y-lines can therefore, be calculated by using the following expression:
£ = P. e y P 1 + P<P4 XIV 3.25
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The above expression 3.2£ has been employed for data fitting in the 
efficiency measurements by different authors, the standard deviation between 
the experimental and fitted data was reported as 4.1% and has been claimed 
suitable for y-energies >300 keV [EGA 77 ; ADE 83]. In the present work the 
above expression 3.25 was found suitable as the minimum y-energy involved for 
elemental concentration measurement was 320 keV of 51Ti. In order to check 
the validity of the expression 3.24, the efficiency curve was determined at 
the reference position of 100 mm away from the detector with the help of the 
reference sources after measuring the solid angle. Then the efficiency curves 
for the other distances i.e 50 and 150 mm were determined after measuring the 
solid angle values at these positions with the help of expression 3.24 . The
efficiencies at 50 and 150 mm source to detector distances were also measured 
experimentally using radioactive reference sources. The experimental and 
calculated efficiency values obtained by expression 3.25 were found to be in
good agreement.
3.5 Materials and methods
3.5.1 Materials for analysis
Two specimens of biological material i.e apple leaves of A-series and peach
leaves of P-series were received in powdered form from the United States 
Department of Commerce at the National Institute of Standards and Technology 
(NIST), to be analysed for a quality assurance inter comparison. These two
materials are potential standard reference materials and are eventually to be 
certified for major, minor and trace elements. These materials have been
evaluated for their homogeneity by the NIST and the reported value at 100 mg 
sample size is 1.5 % . The reference materials (RM ), Bowen’s kale and IAEA
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Orchard leaves, have extensively been used in NAA for the analysis of
biological materials for quite a long time. Supplies for the RM . are always 
limited, therefore, there remains a need for new substitutes.
Three biological specimens were also received from the International Atomic
Energy Agency (IAEA) for intercomparison analysis. These specimens were human 
diet samples of biological origin, prepared at the IAEA’s laboratory, 
Siebersdorf, Austria for the purpose of analytical control. The analysis of
human diet samples has worldwide interest in order to observe the presence 
of any toxic elements and to compare their elemental concentrations against
recommended daily intake values for the elements determined. Diet samples may 
also serve as a reference material suitable for food analysis. At present
only two reference materials i.e NBS-RM-8431 and IAEA mixed human diet (H-9) 
are available, suitable for food analysis [PAR 88].
An attempt has also made in preparing our own reference materials for the NAA 
of biological materials. For this purpose two materials were selected which
are not only cheap but are readily available, in the fine powdered form, 
namely, wheat flour (Happy Shopper) and milk powder. Both materials are main 
sources of nutrition for human beings, which also makes it important to perform
elemental analysis as part of a nutritional investigation.
3.5.2 Sample preparation
Sample preparation is a crucial stage in NAA, therefore extra care was taken 
to avoid any contamination. Sample handling was carried out with the tools 
made of polythene. All materials to be analysed were in the form of fine 
powder, therefore no grinding or mixing process was carried out, except for 
the diet samples which were in the form of coarse grain. Diet samples were 
mixed with the help of a polythene spatula before sample preparation. The
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pellets of 7 mm diameter were prepared from all the materials to be analysed 
in the clean room. The pelletizer was washed with distilled demineralized 
water before preparing samples from any material. The samples were placed in 
prewashed polythene capsules, ready for irradiation. The washing of polythene 
capsules was first performed with tap water then with demineralized water and 
later on were soaked in 8 Molar HN03 solution for about two days, with a 
final rinse with demineralized water. After washing the capsules were kept in 
the laminar flow cabinet for drying.
3.5.3 Irradiation and counting conditions
The irradiation of samples was carried out at three different activation
facilities, CAS, ICIS and CT, in order to measure short and long lived
radionuclides.
At the CAS facility the timing parameters were 10 s for irradiation, 2 s for
waiting (decay) and 10 s for counting time, repeated for 14 cycles. This mode
of irradiation and counting was adopted for determining short lived
radionuclide i.e 20F (T = 11 S). A waiting time of 2 s has been selected
for all biological materials which have Cl as a major element at the CAS
38mfacility in order to minimize the background contribution through Cl (T
= 0.7 s).
At the ICIS facility the optimum timing parameters were selected in order to
achieve better signal-to-noise ratio and well suited for the radioisotopes
with medium half lives (a few minutes to a few hours). The timing parameters
selected were 360 s irradiation, 120 s of decay and a counting time of 300 s.
Long irradiation of about 37 hours for the samples and reference materials
was carried out at the CT facility to measure long lived radionuclides. The
Zr wire was also irradiated alongwith the samples which served as a monitor
for making sample to sample flux variation corrections due to their
positioning in the core tube. For the mono standard method the Zr wire may
serve as a mono standard while in case of the K method as a monitor foro
measuring ratio as well as a single comparator. The counting of the
samples and Zr wire was carried out at the University of Surrey on a Ge(Li)
detector. The samples were counted twice, first counting was carried out for
1800 s after a waiting time of about 65 h and a second counting was performed 
for 5000 s after a waiting time of 300 h in order to determine long lived
(with half lives of few hours to few days) and very long lived (half lives of
few months to years), nuclides respectively.
3.6 Results and discussion
In this work a comparison of different methods for determining the elemental 
concentrations in a variety of materials, using the CAS and ICIS facilities,
has been provided. The precision and detection limits for a number of
elements in different biological materials for CAS and ICIS are presented in
the Table 3.1. In the reference material, Bowen’s kale seven out of ten
elements were detected with a precision better than 7% . The detection limits
and precision of determination for the elements detected at the ICIS in NIST 
peach leaves and wheat flour are quite comparable with those of Bowen’s kale, 
using the same irradiation and counting conditions. The precision of 
determining Na in NIST peach leaves and wheat flour is very poor as compared 
to the Bowen’s kale, which may be expected due to significantly low 
concentration of Na in peach leaves (25 ppm) and in wheat flour (9.4 ppm) as 
compared to Bowen’s kale (2366 ppm).
In order to compare different methods (the absolute, the mono standard and
the comparative method) for measuring elemental concentrations, several
Bowen's 
kale
Peach
leaves
Wheat
flour
Milk
powder
Diet sample 
(F 1 - 9 )
Material (ICIS) (ICIS) (ICIS) (ICIS) (CAS) (ICIS)
DL (P) DL (P) DL (P) DL (P) DL (P) DL (P)
ppm (%) ppm (%) ppm (%) ppm (%) ppm(%) ppm(%)
Br 0.87 (2.8) 0.62(4.2) 0.14(4) 0.32 (3.2) ------- 1.6(9)
Ca 174 (0.8) 118 (1.7) 13.8(1.6) 58 (1.6) 524(23) 206(8)
Cl 25 (0.8) 20 (5) 3.2 (0.8) 10 (0.4) 134 (3) 47 (1)
Cu 3 (15) ------ 0.85(33) ------- ------ ------
F ------- ------ ------ ------ 9.6(13)
Dy ------ 0.02(9.8) ------- ------
K 860 (2.9) 955 (3.3) 106 (4) 283 (4) ------- 1.2(12)
Mg 122 (5.7) 110 (2.5) 17.8(6.3) 54 (9.7) 366(27) 242(16)
Mn 1.35 (7) 0.9 (1.4) 0.2 (2.3) ------ ------ 3.5(17)
Na 25 (1.1) 13.8 (35) 2.3 (17) 9.7 (0.6) 284 (4) 41 (1)
S 3970 (19) ------ 253 (18) ------ ------ ------
V 0.05 (11) 0.1 (16) 0.01(32) 0.02 (14) ------- ------
DL is d e t e c t i o n  l i mit 
P P r e c i s i o n
* m g / g
Table 3.1 Detection limits and precision of the determination of 
elemental concentration found in the biological materials analysed 
at the ICIS and CAS facilities.
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biological materials (NIST A8, P8, wheat flour, milk powder, diet samples and
Bowen’s kale) were irradiated in the CAS and ICIS facilities. The results
obtained for the NIST P8 and A8 using three method of elemental concentration
determination are presented in Table 3.2a. The determination of concentration 
values for Cu, Dy and Ti was not possible with the comparative method when
using Bowen’s kale as a reference material which is not provided with
certified or reported concentration values for the three elements. The
accuracy of the three methods and associated errors are comparable for the 
comparative and mono standard methods whereas relatively higher errors were
observed when using the absolute method, see Tables 3.2a b and c. The
accuracy of the absolute and mono standard method was observed by comparing
the calculated elemental concentrations with the certified values in BK, 
Table 3.2b. The accuracy of the mono standard method was found relatively
better than the absolute method.
Another method for determining the elemental concentrations in INAA which is 
gaining in popularity during the last fifteen years, is the single comparator
method (Kq method). The accuracy of the method was observed by determining
the elemental concentrations in two well established reference materials (BK 
and IAEA Soil7). In this method the compiled Kq factors (the literature
values) [COR 89], can be used for determining the elemental concentrations
but not untill they have been modified with respect to the irradiation
facility and also for the comparator, if other than Au is involved in the
study, as the literature values have been calculated using Au as a
comparator. When using the comparative method for determining the elemental
concentrations, the variation of the flux due to the position of the samples 
in a polythene tube, containing the samples (7 to 11) for irradiation, cannot
be ignored, as a flux variation up to 12% was measured from top to bottom of
51
Element
Appl 
C o n c e n t r a  
Abs
.e leaves 
ti o n  (ppn 
M.Std
±  SD) 
Com
P€
C o n c e n t i  
Abs
iach leave 
■ation (p f  
M.Std
iS
>m ± SD)
Com
Br 1.81±0.4 1.3 ±0.2 1.51±0.2 12. 5 ±2.4 11. 5±1.2 10.7±1.0
a
Ca 21 ±6 13.4±0.6 16 ±0.6 27 ±6 12. 8±0.5 17 ±0.6
Cl 518 ±36 558 ±27 528 ±25 302 ±30 341 ±28 328 ±18
Cu 4.2 ±1.7 5.4 ±1 ------ 4.5 ±2 5.3 ±1 ------
Dy 0.5 ±0.2 1.1 ±0.2 ------ 0.4 ±0.1 0.5 ±0.1 ------
a
K 17 ±3 16 ±1.4 18 ±1.4 25 ±4 24 ±2 24 ±2
a
Mg 2.5 ±0.7 3.4 ±0.2 2.8 ±0.1 3.5 ±0.6 5.2 ±0.2 4.6 ±0.2
Mn 51 ±7 42 ±3 48 ±2 98 ±11 75 ±4 84 ±5
Na 24 ±20 45 ±18 25 ±6 32 ±19 67 ±17 28 ±6
Ti 8.4 ±3 11.4±1 ------ 26 ±7 32 ±3 ------
V 0.22±0.1 0.3 ±.04 0.25±.04 0.25±0.1 0.46±.05 0.5 ±.07
A b s  The A b s o l u t e  m e t h o d
M.Std The M o n o - s t a n d a r d  m e t h o d
Com The C o m p a r a t i v e  m e t h o d
^ C o n c e n t r a t i o n  in m g / g
Table 3.2 A comparison of three different methods for elemental 
concentration determination in biological materials 
(a). NIST Peach and apple leaves (b). IAEA diet sample and 
Bowen's kale (c). Commercial wheat flour and milk powder.
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( b )
E l  ement
D i e t  s
C o  n c e n t n
A b S
sample ( fi
t i o n  ( ppn
M .S t d
- 9 )
±  S D )
Com
Bowe
Co n c e n t
A b s
jn * s kale
r a t i o n  (p]
M . S t d
( b k )
>m ±  S D )
C er .
B r 1 2 ±6 10 ±4 10 ±3 26 ±4 27  ±3 25 ±2 .5
" C a 2 .  4 ±0.5 2 . 3  ±0.3 2 . 0  ±0 .2 52 ± 5 . 2 3 8 ±2.6 41 ± 2 .2
MC1 7 .  6 ± 1 8 . 2 ±0.7 7 . 8  ±0.4 3.0 ±1 4 . 2 ±0.7 3 . 56±0.4
SK 6 . 4 ±1 7 . 6 ±0.8 6 . 9  ±0.6 27 ±3 2 2  . 8±2 2 4 . 5  ±1.4
M g 5 9 4 ±310 8 1 8  ±243 1011 ±207 1.3 ± 0 . 4 1 . 4 ±0.3 1 . 6  ±0.18
Mn 5 . 4 ±1 6 . 8  ±0.8 6 . 3  ±0.5 18. 4 ± 1 .4 15 .2±1 1 4 . 8  ±1.7
N a 4 . 7 ±1.4 6 . 4  ±0.6 6 . 3  ±0.5 2 .6 ± 0 . 5 2 . 5 ±0.3 2 . 4  ±0 .3
b1 C o n c e n t r a t i o n  i n  m g / g
C e r . T h e  c e r t i f i e d  v a l u e s
Tab 1 e 3.2 Co n t .
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(C)
El ement
Whe
C 0 n c e n 1 1
Abs
>a t f l o u r
•a t i 0 n ( pp
M .S t d
>m ±  S D)
Com
Mi
C 0 n c e n
Abs
1 k powdei
r a t i o n  (]
M . S t d
p m ±  SD)
Com
B r 4 . 4  ± 1 . 2 3 . 5 ±0.4 2 . 7  ±0.2 8.5 ± 1 .4 9 . 4  ± 0 . 4 7 . 8  ±0.3
* C a 2 . 2  ±0 . 2 1 . 4  ±.07 1 . 6  ±.05 3 .4  ± 0 .2 4 . 4  ± 0 . 2 4 . 2  ±0.1
C l 930 ±5 3 7 84  ±37 7 4 6  ±22 3350 ±64 3 0 4 4 ± 3 8 29 2 2 ±20
C u 2 . 2  ±1 1 . 5 ±0.5 1 . 8  ±0.5 ------- ------- --------
I 0 . 22±0  . 2 0 .  17±0.1 0 . 2  ±0.1 1.2 ± 0 .5 0 . 8  ± 0 . 3 0 . 3  ±0.1
mk 2 . 4  ± 0 . 2 2 . 2  ±0.1 2 . 1  ±0.1 4 .5  ± 0 .3 5 . 2  ± 0 . 3 5 . 5  ±.25
Mg 294 ±47 2 6 8  ±34 2 1 4  ±22 350 ±54 4 1 1  ± 4 8 406 ±47
Mn 8 . 2  ±1 6 . 7  ±0.5 7 . 2  ±0.3 ------- ------- --------
N a 13. 2±3 1 2 . 4±2 9 . 4  ±1.2 1094 ±29 1 2 2 2 ± 2 7 1517 ±16
*
V 25 ±4 4 2  ±6 24 ±3 83 ±32 2 0 6  ± 5 4 156 ±21
 ^ C o n c e n t r a t i o n  i n  mg /  g
C o n c e n t r a t i o n  i n  n g / g
Tabl e 3 .2 Con t .
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the polythene tube, by irradiation of Zr wire along with the samples in a CT.
In the present work the Zr wire was not only used for making neutron flux 
corrections but also as a single comparator when using the Kq method for
elemental concentration determination. The <b /<b ratio for the irradiation
th ep
facility involved in this work was also measured by Zr, i.e 48 ± 2 making
use of its two isotopes 95Zr & 97Zr . By using the 756 keV full energy y-peak
95Zr, the compiled K factors were modified as ( K for the element ofr  o v OjStd'Zr
interest, listed in Table 3.3. The elemental concentrations in two reference 
materials, IAEA Soil7 and BK were determined by employing the Kq method
making use of calculated ( K ,) , values, presented in table 3.4. The
°  v 0,stdana 1 r
accuracy of the Kq method was judged by comparing the calculated elemental
concentrations with their certified values in the reference materials, Table 
3.4. Apart from studying the application of different methods for determining 
the elemental concentrations, seven biological materials (NIST A8, P8, IAEA 
diet samples F I-9, F2-9 & F3-9, milk powder and wheat flour) were analysed 
for their elemental contents in order to establish new reference materials.
Five to fifteen determinations were carried out, in measuring elemental 
concentrations for the seven biological materials stated above, in order to
achieve accurate results. As the aim was to establish accurate concentration
values for as large as possible number of elements, irradiation of the
samples was carried out at the CAS, ICIS and CT facilities for detection of a 
wide spectrum of elements, derived from very short lived (with half lives of 
few seconds) to long lived (with half lives in years) nuclides. The elemental
analysis of IAEA diet samples is presented in Table 3.5b and the results of 
present work are compared with reference material, the total human diet 
(USDIET-1) which has been analysed during the last four years by two authors
[IYE 87 ; WOI 88]. The elemental composition of the three diet samples (FI-9,
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Element Energy
keV
Literature 
values (SD) 
[COR 89]
( K )
0 , S t d Au
( K0 , S t d
Present
>Zr
work
133
Ba 276 2.27xl0"6 (1.0) 1.97xl0"2 (1.0) 5.54x10" 2 (5.4)
8 2
Br 776 2.76xl0"2 (0.8) 2.40x10*2 (0.8) 2.71xl02 (1.8)
4 7
Ca 1296 9.54xl0”7 (1.7) 8.31xlO~S (1.7) 4.02x10" 3 (10 )
141~Ce 145 3.66xl0~3 (0.9) 31.8x10° (0.9) 11.4X101 (11 )
6 0
Co 1332 1.32x10° (0.5) 1.14xl04 (0.5) 6.24xl03 (3.2)
51
Cr 320 2.62xl0“3 (0.5) 21.8x10° (0.5) 7.72X101 (6.1)
59Fe 1099 7.77xl0‘5 (0.5) 6.76xl0_1 (0.5) 4.08x10" 1 (1.3)
1Hf 482 4.56xl0~2 (0.9) 3.96xl02 (0.9) 6.05xl02 (4.2)
42k 1525 9.46xl0"4 (0.6) 8.23x10° (0.6) 3.32x10° (5.6)
14 0
Lcl 1596 1.34xl0_1(1.1) 1166x10° (1.1) 4.52xl02 (6.4)
24Na 1368 4.68xl0"2 (0.6) 407 xl0° (0.6) 1.85xl02 (1.7)
86Rb 1076 7.65xl0"4 (1) 6.66x10° (1) 5.31x10° (3.1)
1 2 4 S b 603 2.96xl0'4 (1) 258 xl0° (1) 4.96xl02 (4.2)
4 6
Sc 889 1.22x10° (0.4) 10.6xl03 (0.4) 8.32xl03 (4.8)
7 5
Se 264 7.25xl0"3 (0.5) 6.31X101 (0.5) 2.04xl02 (12 )
15 3
Sm 103 2.31xl0_1(0.4) 21.2xl02 (0.4) 12.8xl03 (2.6)
8 7 m _ 
Sr 388 1.49xl0"3 (0.5) 12.9x10° (0.5) 3.15X101 (2.1)
65
Zn 1115 5.72xl0"3 (0.4) 4.97X101 (0.4) 2.91X101 (5.3)
( ) S t a n d a r d  d e v i a t i o n ^
Table 3.3 The literature K values and calculated values aftero
making corrections for the comparator (Zr) and <b /  (f> ratio
th ep
for the irradiation facility used in this work.
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Present work (ppm) Literature values (ppm)
Element (Mean v a l u e ± SD) [MUR
BK
85]
Soil7
BK Soil7 (Mean ± SD) R a n g e s
Br 21.2 ± 0.54 ------ 24.9 ± 2.46 3 —  10
Ce ------ 78 ± 10 ------ 50 —  63
Cr 0.48 ± 0.04 53 ± 3.4 0.369± 0.1 49 —  74
Fe 107 ± 13 *23.9 ± 0.6 119.3± 14.8 *25.2—  26.3
Hf ------ 4.4 ±0.22 ------ 4.8 —  5.5
La ----- 24 ±0.62 ------ 27 —  29
Rb 49 ±2.3 54 ± 3.6 53.4 ± 5.5 47 —  56
Sb ------ 2.2 ± 0.15 ------ 1.4 —  1.8
Sc 0.01±.0006 7.4 ±0.38 0.0094±.0002 6.9 —  9
Zn 28 ±2.2 ------ 32.29± 2.75 101 —  113
C o n c e n t r a t i o n  in m g / g
Table 3.4 A comparison of elemental concentrations, determined by 
the single comparator method using (Kq values, with their
certified values in reference materials (BK & IAEA Soil7).
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F2-9 & F3-9) are found to be in good agreement to the US-DIET-1, except Fe 
and Rb which are showing relatively higher concentrations in F I-9 and F3-9 
respectively. Small differences in concentrations of Cr, K, Mg and Mn may 
also be observed, Table 3.5b.
Fluorine concentration have also been determined in three IAEA diet samples 
through Cyclic Neutron Activation Analysis (CNAA), see chapter 4 . The
homogeneity of the diet samples has also been evaluated through their 
elemental sampling factors, see chapter 5 . In addition as mentioned before 
two biological materials, milk powder and wheat flour, were also analysed for 
their elemental contents in order to establish our own reference materials 
for future use of INAA of biological materials at the University of Surrey. 
The elemental concentrations of the milk powder and wheat flour, obtained
from ten determinations along with standard deviations are listed in Table 
3.5c . The results obtained from the wheat flour are compared to the existing
reference material, wheat flour (NBS-SRM-1567), which have certified 
concentration values for ten elements, Table 3.5c . Nine elements were
determined in the milk powder, the results obtained in the present work are 
found to be in good agreement with the literature values determined in milk 
formula C [ASU 88]. Twenty seven elements were determined in NIST P8 and A8 
samples, elemental concentrations with standard deviations are presented in 
Table 3.5a . The present work has been compared with a reference material, 
peach leaves, introduced about nine years ago, in China [SHU 84] and also 
with a well known reference material i.e NBS orchard leaves. Most of the
elements determined in A8 and P8 show good agreement with the reference
materials. The homogeneity and representative masses for the A8 and P8 
materials have also been evaluated, see chapter 5 .
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(a)
Element
Presen 
Content (p
Peach leaves
it work 
>pm ± SD)
Apple leaves
n
Literatui 
Content '
(a)
Peach leaves
•e values 
ppm ± SD)
(b)
Orchard leaves
Ba 106 ± 11 130 ± 12 5 ---- 44
Br 1.5 ± 0.2 10.7 ± 1 10 18.4 ± 1 10
a
Ca 16 ± 0.6 17 ± 0.7 10 15.5 ± 0.4 20.9 ± 3
Ce 3.9 ± 0.2 1.2 ±0.5 5 0.85 ± 0.09 ----
Cl 525 ± 25 328 ± 18 10 ---- 690
Co 0.13 ± 0.02 0.12 ± 0.02 5 0.26 ± 0.01 0.2
Cr 0.65 ± 0.08 1.4 ± 1.1 5 1.15 ± 0.24 2.6 ± 0.3
Cu 5 ± 0.8 5.3 ± 0.8 10 ---- 12 ± 1
Dy 0.72 ± 0.3 0.16 ± 0.08 5 ---- ----
Fe 79 ± 4.5 274 ± 13 5 450 ± 24 300 ± 20
I 0.24 ± 0.02 0.26 ± 0.02 5 ---- 0.17
u
K 17.5 ± 1.4 24.5 ± 2 10 20.6 ± 1 14.7 ± 0.3
La 24 ± 1 10.5 ± 1 5 0.48 ± 0.03
*
Lu ’2.3 ± 1.3 2.5 ± 1.4 5 ---- ----
a
Mg 2.8 ± 0.1 4.6. ± 0.2 10 ---- 6.2 ± 0.2
Mn 48 ± 2 85 ± 5 10 ---- 91 ± 4
Na 25 ± 6 28 ± 6 10 ------ 82 ± 6
Rb 10.5 ± 1.6 24 ± 3 5 14.2 ± 0.7 12 ± 1
*
Sc 30 ± 6 48 ± 8 5 148 ± 5 ------
*
Se 140 ± 52 210 ± 64 5 37 ± 7 80 ± 10
Sm 3.6 ± 2 1.3 ± 0.04 5 ------ ------
Sr 10 ± 3 20 ± 5 5 65.2 ± 7.2 37 ± 1
*
Tb 280 ± 30 100 ± 22 5 ------ ------
Ti 11.3 ± 1 32 ± 2 10 ------ ------
*
V 250 ± 40 500 ± 70 10 ------ ------
*
Yb 300 ± 44 200 ± 40 5 ------ -------
Zn 14 ± 1 18 ± 3 5 23.5 ± 1.6 25 ± 3
C o n c e n t r a t i o n  in m g / g  (a) Ref. [SHU 84]
C o n c e n t r a t i o n  in n g / g  (b) S RM  N B S - 1 5 7 1
Table 3.5 INAA of the NIST peach & apple leaves and comparison 
of their elemental concentrations with reference materials.
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(b)
IAEA d i e t  samples U S D I E T -1
E l  ement
1 5  d e t e r m i n a t i o n s  (ppm i t  SD )
L i t e r a t u r e  values  
( p p m )
F I - 9 F 2 - 9 F 3 -9 [  I YE 8 7 ] [WOI  8 8 ]
B r 7 . 5  ± 0 . 6 9 .2 2 ± 0 .5 7 . 2  ±1 13. 7±0 . 6 8 . 6  ±2.5
* C a 2 . 4  ± 0 . 2 2 . 2  ± 0 .2 3 . 2 ± 0 .3 ------ ------
*C 1 7 . 8  ± 0 . 3 7 .7  ±0 .4 1 0 . 5±0.55 9 . 27±0 . 05 8 . 39±0.32
C r 0 . 6 6 ± 0  . 1 0 . 4 3 ± 0 . 1 0 . 62 ±0 .1 0 . 07±0 . 01 ------
F e 74 ± 7 36 ±6 42 ±6 33. 7± 1 . 1 34 .2±2 .3
*K 6 . 9  ± 0 . 6 6 .2  ± 0.8 7.  3±0.6 6 . 37±0 . 19 6 . 63±0.25
"M g 1 . 0  ± 0 . 2 1 . 0 ± 0  .22 0 . 7 7 ± 0 .1 0. 65±0 . 01 -----
"M n 6 .3  ± 0 . 5 6 .8  ± 0 .6 6 . 2  ±0.5 5 .6  ± 0 . 2 6 5 . 8  ±0.2
" N a 6 . 3  ± 0 . 5 6.3 ±0 .5 7 . 2  ±0.6 6 . 32±0 . 04 6 . 16±0.17
R b 4 . 7  ± 0 . 8 4 .3  ±0 .3 9 . 2  ±0.7 5. 63±0 . 24 5 . 2  ±0.3
Z n 33 ± 3 . 5 29 ±3 35 ±3 33. 9± 1 . 5 3 1 .  4±2
 ^ C o n c e n t  r a t i o n  i n  m g / g
Tab  1 e 3.5 Con t .
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( C )
El ement
Present work
1 2  D e t e r m i n a t i o n s  ( p p m ±  S D)
Li terature va lues (ppm)
[MUR 8 5 ]  [ASU 8 8 ]
Wheat flour Milk powder Wheat flour Milk powder
Br 2 .7 ± 0 .1 2 7 . 8  ± 0 .3 9 3 0 .5  ± 4 . 2
"Ca 1 . 5 6  ± 0 .0 5 4 . 2  ± 0 .1 0 .19 ± 0.01 4 .3 2  ± 0 . 1 3
Cl 7 46 ± 2 2 2922 ± 18 ------ 2890 ± 320
Cr 0 .2  ± 0 .0 5 ------ ------- ------
Cu 1 .8  ± 0 .4 6 ------ 2 .0  ± 0.3 ------
Fe 1 6 . 6  ± 3 .7 59  ± 7 1 8 . 3  ± 1 7 6 .4  ± 4 . 5
" K 2 . 0  ± 0 . 1 2 5 . 5  ± 0 .25 1 .36 ±  0.04 6 .1 8  ± 0 . 1 5
Mg 2 14 ± 22 406 ± 47 ------- 561 ±  92
Mn 7 . 2  ± 0 .3 ------ 8 . 5 +  0. 5 ------
Na 9 . 4 ± 1. 2 1511 ± 22 8 .0  ± 1.52 1600 ± 80
R b 0 . 8 7  ± 0 .4 7 . 3  ± 1 .2 1 4 .61  ± 0 . 3 7
S 1521 ± 284 ------ ------- ------
S e 0 . 7 6  ± 0 .2 24  ± 2 1 . 1  + 0 .2 28  ±  0 . 8 7
Z n 5 .5 ± 0 . 7 ------ 1 0 . 6  ± 1 101 - - - 1 1 3
C o n c e n t r a t i o n  i n  mg /  g
Tab  1 e 3.5 C o n t .
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3.7 Conclusions
Three methods (single comparator, mono standard and comparative) for the
determination of elemental concentrations in a variety of materials are shown 
to be fairly accurate. At the CAS and the ICIS facilities the comparative
method due to its simplicity and relatively low associated errors could be
the best choice for determining the elemental concentrations in a variety of
materials when suitable reference materials and certified concentration
values for the elements of interest are available. Whereas for the case when 
the elements of interest are not present or do not have certified 
concentration values in the reference material involved, the mono standard 
method may be employed. It has been found that for determining the long lived 
nuclides at the core tubes facility, the best suited method is the Kq method
(single comparator). At the CAS and ICIS no neutron flux monitor is involved
in order to make corrections for the flux variations caused by the position 
of samples during the irradiation, as samples are irradiated one by one at a
fixed irradiation position. Whereas at the CT facility were seven to eleven
samples placed in a polythene tube are irradiated at a time, the correction
for the neutron flux variation at different sample positions becomes 
necessary, as described before. Zirconium is normally used for making the
neutron flux corrections at the core tubes facility, which may also be used
as a comparator and a flux monitor for measuring the <b /d) ratio. Once
th ep
<|> /(|> ratios are determined, the modified ( K ) factor can be
th T e p  v 0,std ana 1
evaluated which may be used for determining the elemental concentrations in a 
variety of materials, when using the Kq method. Therefore at the CT facility
the Kq method could be a suitable choice which will eliminate the irradiation 
and counting of the reference materials.
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Seven biological materials were analysed in order to introduce new reference
materials. The IAEA diet samples which have been analysed for eleven elements
are not recommended as reference materials due to their poor homogeneities
and relatively higher errors associated with elemental concentrations which 
may be attributed to large elemental sampling factors determined, see chapter 
5 . The NIST peach and apple leaves may become a suitable addition or 
substitution for the existing leaf reference materials e.g Bowen’s kale and
orchards leaves. The homogeneity of peach and apple leaves have been found
quite comparable with a well established reference material, Bowen’s kale, 
see chapter 5 . The concentration values for 27 elements are measured in
peach and apple leaves by 5 to 10 determinations. Wheat flour may also be 
recommended as a reference material which is cheap and generally available.
The concentration values for 14 elements which have been measured by 12 
determinations, may be certified if a laboratory intercomparison is
undertaken.
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CHAPTER 4
THERMAL AND EPITHERMAL 
NEUTRON ACTIVATION OF FLUORINE
4.1 Introduction
Fluorine is one of the ten elements which are of great importance to health 
and declared as clinically essential for life [BAI 73 ; STA 87]. The origin 
of fluorine is soil, from where it appears in water supplies, plants and 
animals before finally being absorbed by human beings. Fluorine in the form 
of fluoride is widely distributed in nature. It has been estimated that 
fluorine element in the form of fluorides (mainly as cryolite and fluorspar) 
constitutes about 0.1 % of the earth’s crust [WHO 70]. Sea water contains 
significant amounts of fluorides, having been variously reported as 0.8 to 
1.4 ppm [KAP 62 ; WHO 70]. Whereas fluorine levels in drinking water have 
been recorded from 0.45 to 16.2 ppm [STA 87 ; AHM 89 ; SIN 62 ; MIS 87]. The 
optimal level of fluorine in drinking water supplies has been recommended as 
1 ppm [WHO 70]. Fluorine contents of various foodstu ffs  have been listed by \  
WHO, showing significantly high levels of fluorine (84 to 220 ppm) in fresh 
fish, tea and baking powder [WHO 70]. About four years ago various brands of
China tea were analysed and fluorine levels up to 406 ppm were reported [LIA
87]. It is generally difficult to get enough fluorine through food sources,
therefore the main contribution comes through drinking water, which supplies
about 60 % of the body’s need. Water supplies are usually fluoridated in 
areas where fluorine levels in drinking water are below the optimal limit i.e
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1 ppm. The industrial sources of fluorine are brick production, ceramics, 
aluminium production, rock phosphate fertilizer and the burning of coal.
o t
Levels of 0.01 to 1.8 fig/m of fluorine in the atmosphere have been quoted in 
the literature [KER 78]. The industrial emission of fluorine to the 
atmosphere is reported by Hodge as 65000 tonnes/year [HOD 72]. The daily 
intake of fluorine through inhalation and foods has been reported as 1.4 to 3 
mg/day and 0.8 to 2.3 mg/day in fluoridated and non-fluoridated areas,
respectively [DOM 88]. Fluorine is found in minute amounts in almost every 
human tissue. It is rapidly absorbed in the human body and is mainly excreted 
through urine. Absorption of fluorides from foods depends on the inorganic
fluorides and also on the calcium and aluminium content of the diet. About 80 
% of the fluoride occurring in the human diet is absorbed by the body which 
may reduce to 50 % with the addition of calcium and aluminium which make 
fluorides in less soluble form [HOD 65].
Fluorine affinity for hard tissues is significantly higher than for soft 
tissues. It has been determined in varying concentrations in every specimen 
of bone and tooth. However small amounts of fluorine are ingested, a good
portion, up to 50 % is incorporated and retained by hard tissue and the rest
is rapidly excreted. About 99 % of the human body burden comprises skeletal
fluoride. It’s intake is rapidly absorbed by the stomach and intestine and is 
transported by blood throughout the body from where it is removed by bone or 
excreted via urine (about 60 %) or faeces (about 30 %) or sweat (< 1 %) [HOD
65].
Fluorine is an essential element and in small doses has remarkable influence
on the dental system [WHO 84 ; BRU 88 ; DEV 89 ; MER 90]. Fluorine deficiency
may cause dental caries and pyorrhea or periodontitis (an inflammatory
breakdown of the supporting structures of the roots with a resultant loss of
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alviolar bone). On the other hand fluorine toxicity may cause mottled teeth 
enamel, the affected areas are paper white or brownish and are situated 
usually on or near the tips of cusps or incisal edges. Mottling of teeth 
enamel occurs at higher levels of fluorine (> 10 ppm) in drinking water; in 
prolonged and extreme fluorosis the weakened enamel is lost, resulting in 
pits [LAR 81]. In drinking water 5 ppm of fluorine has been considered as a
probable toxic dose, which may cause symptoms of fluorine poisoning [VIE 89]. 
Gastric disturbance and serious health problems have also been associated 
with fluorine toxicity. A suicidal ingestion of NaF has been reported and 
fluorine distribution in the body was found to be 8.6 ppm in liver and 16 ppm
in kidney, whereas gastric and urine contents were highest at 225 and 295 ppm
respectively [ALP 89]. About three decades ago the toxic effects of fluorides 
were studied in different parts of India. Chronic endemic fluorosis, 
deformities and gross changes in human skeleton were observed among the 
individuals living in areas where fluorine levels in drinking water supplies 
were very high (> 10 ppm) [SIN 62 ; PRA 78]. Incidence of fluorosis was found 
in 20.2 % of the workers of an aluminium production factory [EDW 88]. Toxic 
doses of NaF have been found effective in reducing recurrent fractures, in 
increasing bone minerals and also in bone growth for patients suffering from 
osteoporosis [HAR 81 ; KRI 84 ; FAR 89]. But there exist a difference of
opinion about the reduction of osteoporotic fractures by fluoridation [JON 89 
; RIG 90]. It is a well established fact that fluorine is not only an 
anti-bacterial element but also acts as a therapeutic agent in reducing tooth 
decay and surface etching of teeth [BRU 88 ; MER 90 ; DEV 90]. There has been 
a growing concern in knowing the fluorine content of food stuffs [LIA 87 ; 
WOI 88], in order to establish intake levels in populations. This growing 
need for determination of fluorine in human food requires diet reference
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materials, having a certified concentration of the element. The IAEA recently 
launched an inter comparison programme to investigate whether three human 
diet samples (FI-9, F2-9 and F3-9) were suitable reference materials as far 
as fluorine content is concerned.
Instrumental Neutron Activation Analysis (INAA) was used in the present work 
to obtain detection limits and concentration of fluorine in three human diet 
samples and other biological reference materials for comparison.
4.2 Methods of fluorine analysis
technique of activation analysis technique has very often been employed
for fluorine measurement in a variety of biological, environmental and
a
geological studies, involving neutrons, protons, a-particles, He, and y-ray 
photons [FOR 69]. Proton induced y-ray emission (PIGE) has been employed with 
adequate accuracy for the determination of fluorine in biological and 
geological samples. Resonance reactions 19F (p , ay)160  and 19F (p , $y)19F 
have generally been used for determination of fluorine concentrations [CHA 77 
; CAR 81 ; PRZ 86 ; LIA 87 ; ZIR 90]. Detection limits of 70 ppm have been 
achieved in biological matrices through the 19F (p , $y)19F reaction [PRZ 
86]. The analysis of tea leaves for fluorine measurement with adequate 
accuracy have been reported through the 19F (p . ay)160  resonance reaction 
at 872 keV. It was interesting to note that in different brands of tea leaves 
the fluorine contents varied from 53 to 406 ppm [LIA 87],
Photon induced activation analysis has not been extensively used for fluorine 
determination in the recent past. Although it is a sensitive technique for 
fluorine measurement, it requires high energy photon beams which are not 
readily available [HIS 71]. Fluorine analysis through the 19F (y , 2p)17N
18 17has been reported which suffers from the competing reaction O (y , p) N
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[ENG 68]. Photon activation has also been applied for fluorine analysis of 
geological samples, making use of the 19F (y , n)18F reaction with radio
chemical separation of fluorine.
NAA is one of the most favorable non-destructive techniques for the elemental 
analysis of fluorine. NAA has been declared as a technique of good accuracy 
and precision which provides on average a good share of elemental analysis, 
including fluorine, than any other single analytical method [DYB 80 ; PAR
88]. In NAA four nuclear reactions, generally, have been employed for 
fluorine measurement:
(a). 19F (n , a )16N T = 7.14 s ; E = 6129, 7117 keV1/2 y
Et  = 1.6 MeV ( Threshold energy )
(b). 19F (n , 2n)18F T j/2 = 110 min ; Ey = 511 keV (Annihilation)
E^ = 10.9 MeV
T -
(c). 19F (n , p)190  Ti/2=29 s ; Ey = 197, 1357 keV
E = 4.25 MeV
T
(d). 19F (n , y)20F T i/2= 11.07 s ; Ey= 1633 keV
The threshold reaction (a) has been used by many authors, since the early
sixties for the measurement of fluorine, making use of reactor neutrons,
252radio isotopic neutrons, neutrons produced through accelerators and Cf
neutrons [FIS 65 ;WIN 69 ; LAU 73]. This reaction suffers from two competing
reactions caused by nitrogen and oxygen, which can~"Nnot be ignored,
especially, when dealing with biological samples where oxygen and nitrogen
are present as major components. Activation has usually been preferred with
252neutron generators or Cf sources rather than reactor neutrons [LAU 73 ;
BIB 76 ; TOM 79]. The main interference caused through the 160(n  , p)16N
6 8
252reaction, threshold at 10.7 MeV , can be minimized when Cf is used as a
neutron source, which has a very small fraction of neutrons (0.004) above 10
MeV energy. The 19F(n , a )16N reaction with a 1.6 MeV threshold energy has 
been considered most useful for the activation analysis of fluorine with
252Cf due to the lower matrix interference and high yield of activity [LAU 73
; TOM 79].
r
The second reaction (b) suffers from several interferences caused through 
P+-emitter radionuclides, e.g 34mCl (T = 34 min) ; 13N (Tlf2~ 9.96 min) ;
'5°  ( T !/2=  1 2 2  S) ; 4 5 T i  (X !/2=  3 ' 1 h )  etC '
In samples containing hydrogen as a major constituent, recoil protons may 
result through incident neutrons, which may cause secondary interfering
17 18 18 18reactions O (p , y) F and O (p , n) F . The primary interfering
• 19 18 18 18reactions F (y , n) F and O (n , p) F also have to be considered
while measuring fluorine. In the literature different authors have used this
reaction for fluorine determination in geological and biological matrices 
[ENG 68 ; JOH 82]. Decay curve analysis has often been adopted for measuring
fluorine by this reaction, but the sensitivity achieved through this method 
is not particularly good. The detection limits for fluorine measurement in
bone samples of mass 50 and 500 mg were 5 and 120 jig respectively [WOI 80].
(cO
This reaction/ has not been found suitable for determining low levels of
fluorine in diet samples, due to the poor detection limit, interfering
C&)
reactions and high y-energies (i.e 6129, 7112 keV) involved. The reaction/. has
also the disadvantage of a relatively longer half life for the product 
radionuclide and requires longer irradiation times.
1 RThe threshold reaction (c) also suffers from two interfering reactions O (n
19 2 2 19, y) .0 and Ne (n , a) O caused through oxygen and neon respectively. 
However in biological samples the interference through neon can altogether be
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ignored, where neon is present only in minute quantities. Therefore oxygen
remains the only interference for which it must be corrected. This method has 
not been employed very often, but it has been found very suitable for 
measuring fluorine in organic compounds with a sensitivity of 50 pg [HEN 69].
A comparison of this reaction with reaction (d) for determining fluorine in 
aerosols has been provided by Dams. Although the results obtained through 
both reactions were in good agreement the sensitivity of reaction (d) was 
significantly better than for reaction (c). Reaction (c) was performed under 
cadmium cover in order to minimize the oxygen interference 180  (n , y)190
[DAM 75]. A boron carbide shield has also been suggested to reduce the
interference through oxygen. It has been reported that the activity caused by 
1 mg of oxygen was reduced to only 0.5 pg of fluorine by using a boron
carbide shield. Therefore the correction for oxygen was neglected for
measuring fluorine in organic compounds [BEM 82].
Reaction (d) is perhaps the most suitable nuclear reaction for determining
fluorine contents in a variety of materials. It is a rapid way of measuring
fluorine with high sensitivity owing to the short half life of the product
20F (i.e 11.05 s). But again there are two competing reactions which may
♦ 2^ OQ. 20 20.cause interference i.e Na (n , a ) r  and Ne (n , p) r  . As stated
before the interference caused through neon can be ignored for biological 
samples. Analysis of bone biopsy samples for fluorine measurement have been
reported with a sensitivity of 50 pg [MER 77 ; KRI 85]. Fluorine measurement
through the reaction (d) has most often been performed by single shot
irradiation of 20 to 30 s to determine relatively higher levels of fluorine
(>200 ppm) in biological, environmental and geological matrices [DAM 75 ; MER 
77 ; KRI 85 ; SHE 88]. About two years ago the reaction (d) was used for 
determining the fluorine contents of mixed human diet samples (IAEA reference
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(a)
28A1
300.0
200.0
2023 .Ne
100.0
2 4 .Na
o.o
200.0 700.0 1200.0 1700.0 2200.0
Channel No.
(b)
6000.0
4000.0
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Fig.4.1 Comparison of (a): conventional and (b): cyclic activation 
of IAEA Calcined Bone for fluorine determination (same mass of sample).
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materials) i.e H-9 and US-DIET1. Significantly high concentrations of
fluorine 1500 and 856 ppm, respectively, were reported these must have been 
caused by fluorine contamination through the teflon (PIPE) tools used during 
sample preparation [PAR 88 ; WOI 88]. GNAA has proved to be very efficient 
for determining short lived radionuclides, with considerably better detection 
limits than single shot NAA [KER 77 ; SPY 89]. Detection limits for Bowen’s 
kale and calcined animal bone have been reported as 17.4 and 52 pg/g [KER
78].
In the present work three human diet samples received from the IAEA were 
analysed for their fluorine contents making use of the reactions (c) and (d). 
Low levels of fluorine have been reported in human diet samples (i.e 10 to 20 
ppm) [WOI 88]. Therefore, CNAA was adopted for both reactions in order to 
achieve better sensitivity and detection limits. Reaction (c) was carried out
1 o
under cadmium in order to minimize the interference through the O (n ,
y)190  reaction. Comparison of fluorine measurement through nuclear reactions
(c) and (d) and also for conventional (single shot) NAA and CNAA are provided 
in the following sections.
4.3 Sample preparation
Three human diet samples, F I-9 , F2-9 , and F3-9 were received from the IAEA
to be analysed for their fluorine contents as a part of an international
laboratory inter comparison. These samples were in the form of coarse grain
powder, sealed in polythene bags. The powder was thoroughly mixed with the 
help of a spatula (but no attempt was made to homogenize the material) before 
preparing pellets using a 7 mm diameter pelletizer. Fifteen samples from each 
diet material, with masses ranging from 50 to 100 mg, were prepared. Two IAEA 
reference materials (animal bone and calcined animal bone) were also involved 
for the comparative determination of fluorine, in order to observe the
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accuracy of the techniques employed. Therefore ten samples from each of these
reference materials were also prepared with masses between 50 and 100 mg.
Analytical grade CaF2 powder was selected as a fluorine standard and 40
samples with masses ranging from 1 to 10 mg were prepared for thermal and 
epithermal CNAA of fluorine. In order to make corrections for sodium and
oxygen interferences for thermal and epithermal determination of fluorine
through reactions (c) and (d) respectively, 25 samples of NaCl and 10 samples 
of MgO, analytical grade standards, were also prepared with masses between 2
and 7 mg for NaCl and 80 to 150 mg for MgO. Special care was taken during 
sample preparation to avoid any possible contamination. Sample preparation 
was carried out in the clean room. The pelletizer and spatula (made of 
polythene) were properly washed with demoralized water before preparing
samples. All samples were kept individually in sealed CAS capsules after
preparation. The washing procedure for cleaning capsules has been described
in Ch.3 .
4.4 Irradiation and counting conditions
The cyclic activation parameters were optimized for reactor neutron CNAA of
fluorine through the 19F (n , y)20F (T = 11.05 s) reaction, in the
28presence of background activity caused by A1 which is principally produced
through the 31P (n , a )28Al (T = 2.3 min ; E = 1779 keV) reaction. The' 1/2 y
optimal conditions employed for a total experimental time of about 5 min, 
were 10 s for irradiation, 2 s for decay (waiting) and 10 s for counting,
repeated for 14 cycles.
The epithermal determination of fluorine through 19F(n , p)190  (T = 29 s)
1/2
was carried out by choosing optimum cyclic activation timing parameters, for
the same total experiment time, as 20 s for irradiation, 2 s for waiting and
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20 s for counting, repeated for 7 cycles. The samples were irradiated in the
cadmium lined tube of the CAS facility. Conventional irradiation (single
shot) of samples was also performed in order to observe their performances 
using CAS . The timing parameters selected for the single shot irradiation
were 20 s for irradiation and counting for 20 s after a waiting time of 2 s.
38mIn biological samples Cl (T = 0.7 s) causes a dead time problem,
1/2
38mtherefore, in order to minimize Cl activity a waiting time of 2 s was
adopted. The counting of the samples was carried out by a Ge(Li) detector and
an in-built spectrum analysis program in the ND6600 was used for data
analysis at the CAS facility.
4.5 RESULTS
4.5.1 Interference correction procedures
Sodium and oxygen are present generally, in almost all biological materials,
in ppt (parts per thousand) levels. Therefore, while measuring fluorine
contents in biological materials through 19F (n ,y)20F and 19F (n , p)190
nuclear reactions, the interferences caused through sodium and oxygen
respectively, must be considered. Certain procedures have been adopted for
eliminating these interferences.
4.5.1a Sodium interference
In order to measure and make corrections for the determination of fluorine
through reaction (d), sodium and fluoride standards were irradiated and
counted under similar conditions as the samples. A calibration plot for
fluorine (Fig. 4.3 ) was obtained by irradiating 25 replicate samples of CaF2
with varying masses from 1 to 6 mg. After performing least square fit on the
experimental data, counts per pg of fluorine were determined as 45.0 ±  0.3
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c/ng.
In order to measure the sodium content through the 23Na (n , y) Na or the 
23Na (n , p)23Ne reactions, calibration graphs, Fig.4.2a & b were plotted by 
irradiating 20 samples of NaCl with masses ranging from 2 to 8 mg. Another 
calibration graph for the mass of sodium against area counts under 1633 keV
y-line, produced as a result of the 23Na (n , a )20F threshold reaction was
plotted, Fig.4.2c, in order to measure the sodium interference in the
fluorine determination. This graph provided counts in the full energy gamma 
peak of interest for fluorine determination, 1633 keV, per mg of sodium. 
Therefore it was found that each mg of sodium corresponds to 24 fig of 
fluorine. After measuring the interference through sodium for fluorine 
determination, it can be eliminated in order to achieve interference-free
fluorine contents in samples under study. Therefore counting ratios R ^ a and
R ^ e can be determined as
n F n FRxj = —------ and RXT = -------Na nXT„ Ne n.Na ^  Ne
Where
np is the c/|ig of s o d i u m  (1633 keV)
n ^ a is the c/pg of sodium (1368 keV)
n ^  is the c/pg of sodium (440 keV)
These counting ratios were calculated as
R Na= 0.19 and R Ne= 0.28
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Fig.4.3 Calibration plot for measuring fluorine, by irradiating CaF^ .
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When a sample for fluorine determination was irradiated the area counts under
full energy peaks 440 keV ( n ^ e) , 1368 keV ( n ^ a) and 1633 keY ( np) were
noted down. In order to eliminate the contribution of sodium interference in
n^ counts, two procedures can be adopted i.e either through calculating Cj^
or Cpj-e expressed as :
Cxi = nL - Rxt x n /T = nL - 0.19 x n /T Na F Na Na F Na
CNe “  nF '  RNe x nNe ~ nF '  ° '28 x nNe
Therefore, the counts for fluorine measurement after correction of Na 
interference (npc) were calculated as
CNa + CN< 
"fc = --------- ---------
The fluorine concentration q can be determined with the help of counts/fig of 
fluorine (Cp) determined through calibration plot Fig.4.3.
q =
nFc
C  x  w 
F
^ ere w is the mass  of the sample
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4.5.1b Oxygen interference
The fluorine determination through 19F (n , p)190  reaction suffers from
oxygen interference caused through the reaction 180  (n , y)190  . In order to
measure the interference of oxygen in the y-line of interest for fluorine
determination, ten samples of analytical grade MgO were irradiated in the CAS
to obtain the calibration graphs for oxygen mass against area counts under 
full energy peak of interest i.e 197 keV (Fig.4.4a). Least square fitting was
performed on the experimental data and counts/mg of oxygen nQ for the 197 keV
y-line was obtained. The counts n£ in the y-line of interest i.e 197 keV were 
noted in the sample to be analysed for fluorine, which may have resulted from 
the 180  (n , y)190  or the 19F(n , p)190  reactions. In order to eliminate the 
contribution through oxygen in n^ counts, the oxygen content (O c ) of the 
sample must be known, which may be determined by the neutron capture reaction 
(n , y). However, in the present work literature values for oxygen in
reference materials AB and CB were used [ALT 89 ; MUR 85]. Therefore, counts 
(n ) in the full energy y-peak of interest for fluorine determination in the 
sample under study, after correcting for oxygen interference, can be 
calculated as
After determining n counts, interference-free fluorine concentration q 
(ppm) in a sample can be measured through the following expression
n.
q =
Fc
X
n w
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Fig. 4.4 (a) C a lib ra tio n  graph fo r  m easuring o x ygen  in te r fe r e n c e ,
by ir r a d ia tin g  MgO. (b) F lu orin e c a lib r a tio n  by ir r a d ia tin g  CaF^.
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Where w is the mass (g) of the sample and n is the counts/|ig of fluorine. In 
order to determine n counts/|ig, ten samples of CaF0 in powder form were
F Z
analysed for fluorine, and calibration graph (Fig.4.4b) was obtained, n
F
*7values for 197 keV and 1357 keV y-lines were calculated as 162*“ counts/mg and
6.7 ± 0.4 counts/mg of fluorine respectively.
4.5.2 Sources of errors
A number of sources of errors are involved in the determination of fluorine, 
especially in the presence of significant interference from sodium and oxygen 
when the reactions (d) and (c) are involved respectively.
The errors on counting ratios (R ^a , R ^ e) arise from the statistical 
variations in the y-ray photo peaks involved i.e 1368 keV, 440 keV and 1633
keV , as a result of NaCl and C al^  activations. The errors on these peaks are 
< 4% . On single determination of R ^ a and R ^ e the errors associated are of 
the order of 2% and 4% respectively. But in the present work the counting
ratios have been determined through 20 to 25 replicate samples of NaCl and 
CaF2 and the standard deviation on these determinations was found < 1% .
The main contribution of error in the fluorine measurement through the 19F (n
20, y) F reaction is associated with ‘-Ka and C ^e values. The statistical 
errors related with the y-ray photon peaks of interest (i.e 1633 keV , 1368
keY , and 440 keV), detected in a sample to be analysed, are involved. The
error on CNa and CNe values in a typical matrix of animal bone (IAEA
reference material) for a single determination are about 6% . Whereas the
errors associated with c Na and CNe for diet samples are significantly higher 
i.e >20% . The errors on CNa and values depend on the Na/F ratio in the
sample. In the present work 10 to 15 determinations have been carried out for 
the measurement of fluorine in different matrices, therefore standard
8 1
deviations on these determinations have been reported.
For the fluorine measurement through 19F(n , p)190  the errors associated are
mainly due to the 197 keV y-ray full energy peak. The errors on the y-line of
interest for fluorine determination in CaF2 standards were 1 to 2% . The
error associated with the oxygen measurement by MgO standards were
significantly higher i.e >10% . Ten samples of each standard i.e MgO and CaF2 
were employed for determining counts/|ig of oxygen and fluorine respectively.
Therefore in the present work the values of counts/jig of oxygen and fluorine 
are taken as constants. The statistical variation on the y-line of interest 
in the samples were, therefore, the main source of error in measuring 
fluorine. In a typical case of 100 mg animal bone sample, the statistical
error associated with the y-line of interest i.e 197 keV was about 8% . The
errors quoted with the fluorine concentrations measured through the (n , p) 
reaction, are the standard deviations on the five determinations, carried out
for each type of sample.
The error in measuring the mass of the samples has been considered as
negligible. The balance used for weighing sample masses was with precision of
± 0.1 mg. The samples used for irradiation in this work were of masses 
varying from 50 to 100 mg, therefore, the error associated with sample masses 
was only up to ± 0.2% .
Errors related with irradiation and counting cycles in the CAS which is
pneumatically controlled have been taken as negligible. The change in the
flux during the experiment is negligible, therefore, errors due to any flux 
variations during irradiation cycles has also been neglected in the present
work where the comparative method has been used for fluorine determination.
4.5.3 Detection limits
Detection limit is the minimum amount of an element that can be determined in
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a sample under a set of conditions. In NAA the detection limit may be 
referred to as the smallest y-ray photo peak that can be distinguished with a
certain confidence above the back ground activity of the sample. The limit
for detection of a y-ray full energy photopeak area is, generally, considered 
to be the statistical variation in the back ground continuum, which may be
expressed as the square root of the back ground counts i.e ± VB . Therefore 
the smallest full energy photo peak area above back ground B may be expressed
as
Ld = fV ~ B
The value for the constant f  may be taken as 1 to 3 [CUR 68 ; DON77 ; STE
66]. In the present work this value has been taken as 2. The detection limits 
play an important part in the evaluation of different alternative methods of 
elemental analysis, especially, when trace elemental measurement is involved.
The sensitivity (expressed in jig) of a method of analysis can be judged
through the detection limit. The detection limit is dependent on the type of 
the matrix, mass of the sample and also on the interfering elements present
in the sample. Therefore it has been suggested that the type of matrix and
the mass of the sample should be quoted, while reporting detection limits
[SPY 73]. The present study shows that the interference correction should 
also be mentioned, when involved, with the elemental detection limits.
Therefore the detection limit for the fluorine measurement may be expressed
either with or without making any corrections for the sodium or oxygen 
interferences. The detection limit for fluorine in the absence of any
interference may be expressed as
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h >  =
m,
np x w
W he re
mp is the f lo u r in e  c o n te n t in the sample
w is the mass o f the sample
Bp is the background under y-line of interest
When fluorine is being determined through the 19F (n , y)20F reaction, the 
detection limit should be expressed after making correction for the sodium 
interference. Therefore np will be modified as explained before. The
detection l im it  co rrec te d  fo r  in te r f e re n c e  w il l  be
  -----------*--------  x f / T ^
 ^ nF '  RNa * nNa ) x w
The detection limit in case of the 19F (n , p) 190  reaction, after making
correction for oxygen interference, has been calculated by the following
expression
=
m,
n x w
Fc
or
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m,
” ( n/ - n x Oc ) x w
F 0 '
x fiTK
4.5.4 Precision and accuracy
The general objective in neutron activation analysis is the determination of
the elemental concentrations in a material. Whereas the quality of
determination is a function of the precision and accuracy achieved. The 
precision of the analytical method depends upon the random errors 
(statistical errors) which may vary from 0.5 to 20% or even higher [TOL 89].
The precision of the single determination in NAA is estimated as the overall 
relative effect of the counting statistics and absolute random errors. 
Repeated analysis of the homogeneous samples with appropriate mass, may test 
the validity of the estimated precision. The analysis results will be
regarded precise, if these number of determinations agree well mutually and
the results will be regarded as accurate when they agree with the actual 
content of the component in question (i.e they are not subject to the 
systematic errors). In order to check the accuracy of the technique, the 
elemental analysis results obtained should be compared with the certified
elemental concentration values in a reference material. The agreement between 
the calculated and certified values will be a measure of accuracy for a 
particular determination. Accuracy of the analysis may also be judged by 
applying different methods for the same determination and if the agreement in
results obtained is good, results are assumed to be accurate. In the present 
work the accuracy of the analysis has been checked by analysis of the RM , 
the results obtained have been found in good agreement with the literature
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values. Accuracy have^ also been checked by applying different analysis
methods for the fluorine measurement i.e reactor neutrons and epithermal
neutron activation of fluorine. Fluorine determination through the 19F (n ,
y) 20F reaction has been found to be more precise as compared to the 19F (n
, p) 190  threshold reaction (see table 4.1)
Table 4.1 Precision of fluorine determination at the CAS facility.
P rec isio n  ( % )
M ate r ia l
AB 
CB 
F 1-9 
F 2-9 
F 3-9
3.7
3 .4
10.5
10.2
ND
ND
ND
4.6 Discussion
In this work the performance of single shot (conventional) and Cyclic Neutron
Activation Analysis (CNAA) was compared in the determination of fluorine 
through the reaction 19F(n , y)20F, making use of the reactor neutrons. The
signal to background ratio achieved for the full energy y-line of interest 
(1633 keV) through single shot irradiation was found to be significantly
better than CNAA , due to the relatively low background contribution in the 
short irradiation time (20 s). In the short irradiation the main contribution
38mto the background continuum is introduced through the Cl (T = 0.7 s),1/Z
which was minimized by using a waiting (decay) time of 2 s before counting
the irradiated samples. Single shot irradiation for longer times (t.> 20s) is
not recommended for measuring low levels of fluorine since this will
27 28introduce additional background through the A1 (n , y) A1 ; T = 2.251/Z
min and also the 31P (n , a ) 28 A1 reactions. The detection limits for
fluorine determination achieved through single shot activation in IAEA
reference materials, AB and CB were found to be 58 and 66 ppm respectively.
When employing CNAA for the fluorine determination through the (n , y) 
reaction a significant improvement in the detection limits calculated as 21 
and 26 ppm in IAEA AB and CB reference materials, respectively, was observed. 
Therefore CNAA was used for the determination of fluorine concentrations in
the biological materials making use of the reactions 19F (n , y) 20F and 19F 
(n , p)190  ; the second reaction was performed under cadmium cover to
minimize the interference through the 180  (n , y) j19o  reaction. It was
experimentally determined, by irradiating oxygen and fluorine standards, that
each mg of oxygen corresponds to 0.4 jig of fluorine. Such a low oxygen
interference level i.e 0.04 % may be neglected for the materials containing
relatively lower amounts of oxygen as suggested by Bern [BEM 82]. The
detection limits determined in reference materials AB and CB using this
reaction were found significantly higher, than the the ones obtained from the 
reaction 19F (n , y) 20F as listed in Tables 4.2 & 4.3 . Therefore the
threshold reaction 19F (n , p) 190  was not considered suitable for measuring 
low levels of fluorine, in biological materials. However, the reference 
materials AB and CB were analysed in order to observe the accuracy of the 
technique. The fluorine concentration values measured in AB and CB are found 
in good agreement (within the errors quoted) to the reported values, as shown
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in Table 4.2.
The diet samples show relatively higher errors which may be attributed to the 
inhomogeneity of the materials (see chapter 5 for homogeneity values 
determined for the diet samples) and considerably higher Na/F ratios. 
However, the results obtained for the diet samples are found in good 
agreement with reported values. The techniques adopted in this study were not 
found sensitive enough for measuring lower levels of fluorine (< 9 ppm) in 
NIST peach and apple leaves and Bowen’s kale. However when combining mass 
fractionation with CNAA a significant improvement in detection limit for the 
determination of fluorine may be achieved [FAR 91]. Usefulness of mass 
fractionation when combined with CNAA, in minimizing the dead time problem 
and improving the precision and detection limit, has been demonstrated in 
chapter 5 .
8 8
Material
n
Detection limit 
( ppm ) Fluorine content
U C ppm
AB 5 65 84 483 ± 87
CB 5 74 90 546 ± 41
U f C U n c o r r e c t e d  and c o r r e c t e d  v a l u e s  for o x y g e n  interference 
n N u m b e r  of d e t e r m i n a t i o n s
Table 4.2 CNAA of fluorine in reference materials through
1 9 ^  , , I 9F (n , p) 0 reaction.
Material n Na/F
Ratio
DL
ppm
Present work 
ppm
Reported Values 
ppm
AB 10 11 21 460 ± 50 440 ± 50
(a)
CB 10 18 26 573 ± 20 566 ± 20 (b)
Fl-9 15 370 9.4 17 ± 6 21 ± 5
<c)
F2-9 15 260 9.5 22 ± 7 17 ± 4
(c)
F3-9 15 393 9.5 17 ± 6 (17.6 ± 2.2)
(d)
n N u m b e r  of d e t e r m i n a t i o n s
DL D e t e c t i o n  limit
(a) [PRZ 86] (b) [KER 78] (c) [FAfi 91] <d) [WOI 88]
Table 4.3 CNAA of fluorine in biological materials through
19^ / ,20F (n , 2r) F reaction.
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CHAPTER 5
THE EVALUATION OF THE 
REPRESENTATIVE MASS BY INAA
5.1 Introduction
In NAA (and any other analytical technique) the homogeneity of the materials
to be analysed play an important role in the accuracy of elemental
concentration measurement. Inhomogeneities in the sample and the multi 
elemental Reference Materials (RM’s) used may cause high errors in the
results. Lack of homogeneity exists in almost all biological and
environmental materials depending on the mass selected for analysis. The
inhomogeneity of the sample can be minimized by selecting a larger mass [SHU
83]. Samples with larger masses are however, not recommended in INAA,
especially when short-lived radionuclides measurements are involved, mainly 
due to the high dead time and self shielding problems involved. On the other
hand a smaller mass with higher inhomogeneity may not be a true
representative of the material involved and may also not be favourable for 
measuring elements present in low concentrations in the material under study.
The representative mass of material may be determined experimentally by
evaluating the sampling factors for the elements of interest in the material.
The method to evaluate the elemental sampling factors for geological samples
was proposed by Ingamel [ING 73]. The same concept for determining the
sampling factors can be applied for biological samples [HEY 84]. The sampling
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factor is the mass of the material which reduces the variability in the
results, caused through inhomogeneity of the material under study, to 1% .
Three proposed clay RM s  have been evaluated for their elemental sampling
factors in order to assess their representative masses [FIL 87]. The same 
procedure was adopted to evaluate the elemental sampling factors in two 
biological RMS [HEY 87]. The sampling factors may significantly vary from 
element to element in the same material and for the same element in different 
materials. Recently five biological materials were evaluated for their
elemental sampling factors, using Neutron Activation and Proton Induced X-ray 
emmission analyses techniques and the values of the sampling factors were 
found technique-dependent [SPY 90]. Sampling factor of an element depends on 
the inhomogeneity of the element in the material under study. The
representative masses determined for the reference materials are, generally, 
large enough to cause significant dead time problems, especially, when 
determination of short lived radionuclides are involved. The dead time 
problem may be minimized by employing the concept of mass fractionation [MUG 
87]. The estimated representative mass, through sampling factors 
determinations, may be divided into a number of sub samples. These sub 
samples can then be irradiated one by one and later on their individual 
spectra may be added up together to obtain the accumulated spectrum.
In this chapter homogeneities of biological and environmental RMS' and five 
potential RMS are presented. The sampling factors for all the elements 
detected (in the CAS and ICIS facilities) in the above said materials are 
also determined, in order to estimate their representative masses. Mass 
fractionation has been employed to minimize the dead time problems in CAS and 
ICIS and also to measure elements with significantly low contents in the 
material to be analysed, which would have not been measured otherwise.
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5.2 Homogeneity
The importance of reference materials in INAA is well known as they have 
effectively been used for the elemental analysis of a variety of materials,
in order to check the accuracy of routine analysis and also in quality 
assurance programs in trace analysis. Homogeneity plays an important part in
establishing an effective and useful reference material, to achieve accurate
results in INAA . Therefore, knowledge of the homogeneity values for the 
elements present in a particular reference material is of great importance.
The elements with poor homogeneity values in a reference material will lead 
to results with a relatively higher levels of errors.
Determination of homogeneity is usually a difficult task owing to the complex 
nature of the biological and environmental materials.The INAA technique has
been extensively used for evaluating the homogeneity of reference materials 
because of it’s inherent precision, accuracy and multi elemental 
characteristics [GUZ 77 ; SCH 79 ; KUC 89 ; AKA 87 ; ALT 89]. The homogeneity 
of a biological or environmental reference material depends on the
distribution of a pattern of various particles with in the reference material
which is in powder form. The homogeneity values for different elements in a 
material are, generally, quoted in the form of inhomogeneity, in percentage. 
Inhomogeneity is the measure of the scatter of the elements of interest in a 
material about their mean values from one to another part of a sample and 
from sample to sample. The evaluation of the homogeneity is based on Youden’s 
definition of the overall random errors [YOU 67], in a particular analysis
which may be expressed as
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Whe r e
is the overall standard d e v i ation on the re su ltm
S c is the variance due to random  e r r o r s  o f the analysis
S |  is the variance due to sampl e inhomogeneity
The random errors of the analysis may be expressed as
Where
51 is  the e rro r in  sample mass
52 is  the e rro r due to  f l u x  v a r i a t i o n
53 i s  the e rro r due to  the geomet r ica l  arrangement
o f i r rad ia t ion  and count ing
S, i s  the s t a t i s t i c a l  e r r o r  f o r  the measurement of
4
the individual  f u l l  energy y-peak 
The value of inhomogene i ty can be calculated as
S. can only be determined when it is of the same order or greater than Sc.
Therefore, the random errors of the analysis must be less than the overall
errors on the results i.e S >S .m c
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Evaluation of the homogeneity values for different elements in a material are 
generally, carried out by analysing a number of (n) replicate sub -  samples of 
equal mass. The overall variation i.e the standard deviation in % on the n 
number of determinations for a particular element is then measured as S . The
analytical errors are then calculated and therefore the inhomogeneity values 
can be estimated by using expression 5.3. In this work two biological 
reference materials (Bowen’s kale, BK and IAEA calcined bone, CB) and one 
environmental reference material (IAEA Soil7) have been evaluated for their 
elemental inhomogeneities measurements. Five potential reference materials,
three human diet samples (Fl-9, F2-9, and F3-9) and two leaf samples (NIST 
peach leaves, P8 and. NIST apple leaves, A8) have also been analysed for their 
elemental inhomogeneity values. Fifteen sub samples of equal mass were
prepared from each of the materials involved in this study. All samples were 
irradiated in ' CAS and ICIS to detect short lived radionuclides. In order to 
observe the effect of the size of the sample on the homogeneity of the
elements in a reference material, three sets of 15 sub-sam ples of equal mass 
with average masses of (12 ± 0.2) mg, (20 ± 0.25) mg and (35 ± 0.3) mg, were 
prepared from the reference materials. In this work the errors during 
irradiation due to flux variations have been considered as negligible. Flux
correction may be performed by the procedures described by Ila [ILA 89]. The 
geometrical arrangement for counting the replicate sub samples from a 
particular reference material was kept constant during the experiment,
therefore error S3 has also been taken as negligible. The error due to the
sample mass has been considered. The major contribution in the random 
errors of the analysis was due to the statistical errors on the areas of the 
full energy peaks of interest. The diet samples and calcined bone were 
analysed in the CAS using the timing parameters most suitable for fluorine
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determination and inhomogeneity values for eight elements are presented in 
section 5.7 . Whereas NIST peach and apple leaves, IAEA Soil7 and BK were 
activated in the ICIS facility in order to evaluate inhomogeneity values for 
eleven elements detected in these materials.
5.3 The sampling factor
The sampling factor may be defined as the sub sample mass necessary to ensure
that a relative sub sample error of 1% in a single determination. The
sampling factor has units of mass and can be determined experimentally. The
sampling factor can be numerically defined as
R = f  Ki 
v m
and
Ki = R2m 5.4
Where
Ki is  th e  sampl  ing fact o r  f o r  a r e l a t i v e
subsample e r r o r o f l %
m is the  m a s s  of  the r e p l i c a t e  subsamp 1 e
R is  th e  r e l  a t  ive s t an da rd  d e v i a t i on  (%)
a s s o c i a t e d  wi t h  the r andom d i s t r i b u  t i on of 
the e l e m e n t  of  i n t e r e s t  between subsamples
Each sub" sample of mass m should correspond to a reasonably large number of 
units. It has been assumed in the above expression that the sample is well
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mixed and the results obtained from two sub samples of mass m have the same
sub sampling variation as a single sub sample of mass 2m . Most of the
materials are not homogeneous, therefore a well mixed sample does not mean 
that it is homogeneous but may be referred to as uniform. In a homogeneous
material the element of interest is evenly distributed throughout the 
material while in a uniform material the distribution is random.
The sampling factor is numerically equal to the square of the expected 
coefficient of variation for results obtained for lg  sub sample mass. The 
sampling factors depend both on the type and mass of the samples being 
analysed. The sampling factors in the same material and for the same elements 
may vary from one to another method of analysis. The procedure for
determining the sampling factors for different elements in a material is the 
same as described in section 5.2 where
The sub sampling characteristics can only be determined when the analytical
variability on the results can be measured independently or when the
analytical errors are negligible. The analytical errors can be considered as
negligible when the sub sampling errors are more than three times higher than
equal mass under identical conditions, then the sampling constant Ki can be 
expressed as
SA(%) 5.5
the analytical errors. If x^ x2, x3,------- , x are the results from n
number of determinations carried out for n number of replicate sub samples of
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Ki = 104 m
n
i
i ^ ~ T
( x. - x )2 
n - 1
5.6
where
n
x == -  )  *in 4 r-i ^ " T
and
n
t - t I
The s t andard deviat ion on the i n d i v i d u a l  independent
de t er mina t i on  x i si
Gi = / S + 2B
wh ere
S is the fu l l  energy y- ray  peak area
B is the background a s s o c i a t e d  with the peak
When the sampling factor for an element in a sample is known, the
contribution of the sub sampling error a  related to the inhomogeneity of the
sample, to the overall variation in a single determination can be calculated 
by the expression
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2
G
S
G 5.7
n ( x. - x f
I
I n - 1
5.8
Therefore the variability on the results associated with the analytical
method employed, can be estimated.
When the sampling factors for all the elements detected at a particular
irradiation facility in a material under study are being determined, the
representative mass of the material can be estimated. In the following 
sections the sampling factors for eleven elements using INAA in the CAS and 
ICIS facilities have been evaluated in eight different biological materials
(as mentioned in section 5.2). The representative masses for these biological
materials, through their elemental sampling factors, have also been 
estimated. All subsamples of a reference material were irradiated and counted
under the same conditions. Sample counting was carried out on true coaxial 
Ge(Li) detectors, while the Nuclear Data systems, ND6600 and ND6700 were used 
as computer based pulse height analysers for the CAS and ICIS facilities,
respectively. The data analysis was performed by the in built y-ray spectrum 
programs in the ND6600 and ND6700 systems.
5.4 Mass fractionation
INAA of short lived radionuclides in the CAS and ICIS facilities suffer from 
dead time problems. Therefore, generally small sizes of samples are employed
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for determining short lived radionuclides to minimize the dead time problem. 
The elements with significandy low concentrations in a sample are therefore 
usually measured with higher errors or in certain cases can not be measured 
due to the smaller mass used. For example, in the case of the IAEA Soil7 , a 
sample mass of 2 to 3 mg has to be employed in the CAS facility due to
associated high dead time (Fig.5.1). The determination of fluorine and sodium 
in Soil7 becomes impossible due to the high dead time, in the CAS. On the 
other hand measurement of fluorine in P8 and A8, due to very low 
concentrations was not possible even with 200 mg sample size. The above said 
problems of high dead time and inaccurate measurement of the elements with
low contents in a material to be analysed, may be minimized by employing mass
fractionation [MUG 87]. In mass fractionation a representative mass of any
material is divided into a number of replicate sub samples (fractions)
M = mi + m2 + m3 + —........... .. + mn 5.9
Where M is th e  representative m a s s  of a material
m is th e  mass o f a subsample
All subsamples were irradiated and counted under the same conditions and 
n number of spectra for n number of sub samples were obtained
S i  , S 2 , S3 , ------ —— , Sn
which were added up together in the following way
S l , S 1 + S2 , Si + S2 + S3 , --------------- , S 1 + S2 + —  Sn 5.10
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and finally were analysed by a y-ray spectrum analysis program (SAMPO).
The concept of mass fractionation has been employed to potential and
established reference materials. The reference materials i.e Bowen’s kale and
IAEA Soil7 and a potential reference material NIST P8 have been analysed by 
employing mass fractionation, in order to measure the elements which would 
have not been determined otherwise and also to avoid dead time problems. The
CAS facility used in the present work is equipped with a pile up re jec te r
circuit which may cope with dead time up to 25% . But at significantly higher
dead times the y-ray full energy peaks tend to broaden and become distorted.
The sub samples from the three materials (BK , P8 and Soil7) were counted on 
the Ge(Li) detector which has been connected to the Nuclear Data system 
ND6600. The data analysis was not performed by the in-built spectrum analysis 
program but was transferred to the floppy discs through a BBC computer
connected to the ND6600 , for later processing. The data from floppy discs
was transferred to the main frame PRIME net work at the University of Surrey. 
Gamma ray spectra for various fractions (sub samples) were added up together 
in the way described in expression 5.10 with the help of a computer programme 
REACTOR. Finally the data analysis was carried out using gamma ray spectrum 
analysis programme SAMPO.
5.5 Sample preparation
Sample preparation was carried out in the clean room and sample handling was 
performed with a properly washed (as described earlier) polythene spatula in
order to avoid any contamination. The samples were placed in the laminar flow
hood after weighing on an electronic balance with a precision of ± 0.1 mg.
All samples were prepared in the form of pellets (7mm diameter) except IAEA 
Soil7 due to the very small sizes used (2.6 ± 0.12) mg and IAEA calcined bone 
which was found to be very brittle when pelletized (pelletization was not
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possible). The samples were contained in prewashed polythene capsules, 
especially manufactured for the CAS and ICIS facilities, ready to carry out
irradiation.
5.6 Irradiation and counting conditions
For the mass fractionation study, samples were irradiated at CAS facility 
making use of cyclic activation analysis. The timing parameters for each
cycle were irradiation of 20 s, decay of 2 s and counting time of 20 s,
repeated for seven cycles. In order to evaluate homogeneities and sampling
factors, three diet samples (Fl-9, F2-9 and F3-9) were also irradiated at the 
CAS using cyclic activation with timing parameters of 10 s irradiation, 2 s 
decay and 10 s counting for each cycle and repeated for 14 cycles. The other
materials involved for determining homogeneity and sampling factors (BK , P8 
, A8 and Soil7) were irradiated and counted in the ICIS facility. The timing 
parameters used for all materials at ICIS were 360 s of irradiation and 
counting of 300s after waiting (decay) time of 120 s .
5.7 Results and discussion
Three reference materials and five potential reference materials have been
analysed in order to evaluate their homogeneities for the elements detected 
through short irradiation at the CAS and ICIS facilities. The inhomogeneity 
values for 10 elements in P8 & A8 and six elements in Soil7 were determined 
at the ICIS facility, see tables 5.1 & 5.3 . Whereas the inhomogeneity values
for the elements measured at the CAS facility in diet and CB samples are 
listed in tables 5.2 & 5.3 . The inhomogeneity values determined for almost 
all the elements in Soil7 are found relatively higher when compared with P8 &
A8 . In practice, generally a reference material should have very low
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elemental inhomogeneities. Inhomogeneity values for the elements determined
in Soil7 are found to be relatively poor, which may be associated with the 
smaller sub sample size (9.6 mg). The sample size of Soil7 has to be taken 
much lower, compared to those of P8 & A8 (about 30 mg) due to the severe dead 
time problem with soil samples. The dead time problem is significantly less 
for biological samples, as shown in Fig.5.1a&b for BK and Soil7. 
Inhomogeneity value for V in Soil7 is relatively lower as compared to P8 and
A8 which may be attributed to the relatively higher vanadium contents in 
Soil7 (66 ppm) compared to P8 and A8 (< 0.5 ppm).
It has been observed that the inhomogeneity values for different elements in
a particular material depends on the sample size, used for activation in
INAA, and also on the elemental concentration levels in the material. The
effect of sample size on the inhomogeneity values for different elements in a 
reference material, Bowen’s kale, has been studied by irradiating three
different sizes of samples i.e 12 mg, 20mg, 35 mg . Therefore, three sets of 
15 sub samples were activated to evaluate inhomogeneity values for the 
elements detected by short irradiation at the ICIS facility. The
inhomogeneity values for eight elements, detected in Bowen’s kale are
presented in Table 5.4. Improvement in the homogeneity values for almost all 
the elements, detected in Bowen’s kale, can be observed with increased sample 
size. A significant decrease in the Sm values may be observed with larger
sized subsamples, whereas the Sc values are not reduced at the same rate as
Sm , therefore resulting in relatively lower Si values for the larger sub 
sample sizes. The dependence of the elemental inhomogeneities on the
concentration levels in a particular material, i.e a biological reference
material (BK) has been demonstrated in Fig.5.2 . A significant decrease in
the Si values can be observed with an increase in concentration levels of
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a v e s
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A
Sm
o0
p p l e  le< 
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o0
a v e s
Si
O
-0 ----------
8 °T3Br 6 1 7 8 . 4 7 . 76 3 . 2 -------
4 9 Ca 3 0 8 4 2 .  37 1 . 8 2 1 . 5 2 1 . 9 1 . 7 4 1
3 8 C1 1 6 4 3 4 . 4 4 . 06 1 . 7 2 . 72 2 . 5 6 1
6 6_  Cu 1 0 3 9 43 3 6 . 5 2 2 . 7 -------- ------- -------
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Dy 5 15 33 . 4 24 .4 2 2 . 7 8 . 34 7 . 2  2 4 . 2
4 2K 1 5 2 5 2 .  7 2 . 5 8 1 3 . 77 3 . 5 6 1 . 2
2 7*/rMg 10 14 2 .  3 2 . 2 5 1 4 . 48 2 . 9 3 3 . 3 9
5 6, .Mn 1 8 1 1 3 . 0 1 .  65 2 . 5 2 . 64 1 . 7 8 1 . 9 4
2 4 Na 1 3 6 8 28 24 1 4 . 7 34 2 6 .  7 2 1 . 2
5 2 V 1 4 3 4 10 . 7 9 . 9 4 . 0 2 3 . 8 1 4 .  9 1 8 . 5
T a b l e  5 . 1  H o m o g e n e i t y  r e s u l t s  f o r  NIST P e a c h  and  A p p l e  l e a v e s .
(  1 5  d e t e r m i n a t i o n s  )
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Ca 14 . 4 10 . 5 9 . 8 5 14 . 6 1 0 . 7 10 13 . 4 9 . 3 9 . 6
C l 5 . 0 3 . 0 4 . 0 4 .  6 3 . 9 2 . 4 4 . 7 3 . 6 3 . 0
F 7.  9 6 . 4 4 . 6 8.  2 6 . 0 5 . 5 8 . 2 6 . 3 5 . 0
K 40 . 5 34 . 3 2 1 . 6 44 3 7 . 5 23 42 36 21
Na 6 . 5 2 . 4 6 . 0 5.  5 3 . 6 4 . 2 5 . 0 3 . 3 3 . 9
T a b l e  5 . 2  H o m o g e n e i t y  r e s u l s  f o r  IAEA human d i e t  s a m p l e s
(  1 5  d e t e r m i n a t i o n s  )
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Br 10 . 2 5.2 8.8 8 . 7 3 . 9 7 .  8 5 . 7 2 .  8 5 . 0
Ca 3 . 5 2.8 2.2 3 . 2 2 . 9 1 .  3 1 . 5 1 . 4 < 1
C l 3 . 8 2.0 3.2 3 . 4 2 . 5 2 .  3 1 . 5 1 . 4 3 < 1
K 8 . 5 4.5 7.2 4 . 8 2 . 4 4 . 2 3 . 2 2 .  8 1.5
M g 12  . 0 8.5 8 . 5 8 . 0 7 . 2 3 .  7 6". 4 5 . 7 2 . 9
M n 1 5 . 3 1 1 . 2 10.4 1 2 . 6 9 . 3 8 . 5 10 . 9 7 .  3 8 . 0
Na 3.7 2.0 3.0 3 . 7 2 . 2 3 .  0 1 . 5 1 .  4 < 1
V 23.3 14.8 18.0 1 8 14 11 . 3 14 9 .  8 10
T a b l e  5 . 4  H o m o g e n e i t y  r e s u l t s  i n  r e f e r e n c e  m a t e r i a l  ( BK ) 
w i t h  d i f f e r e n t  s a m p l e  s i z e s  ( 15 d e t e r m i n a t i o n s  )
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different elements. The elemental inhomogeneity values for the diet samples
and IAEA calcined bone, determined at the CAS using CNAA are presented in
Table 5.2 & 5.3. The inhomogeneity values for almost all the elements
determined in the diet samples were found significantly higher as compared to
those of CB . The only exception in this case was sodium, for which the
inhomogeneity value in the diet samples was lower, compared to the P8 & A8.
This may be attributed to it’s very low contents in P8 & A8 (< 30 ppm) as
compared to the diet samples (about 6xl03 ppm). Recendy inhomogeneities for
5 elements (Al, Ca, K, La and Mn) in A8 & P8 have been evaluated with sample
size of 100 mg using NAA and homogeneity for the five elements have been
reported as better than ± 1.5 % [BEC 90]. In the present work of homogeneity
determination in the A8 & P8, only Ca, K and Mn are common with the previous
work [BEC 90] and the homogeneity of the P8 & A8 for these three elements was
found to be < 2.5 % with sample size of 28 and 30 mg for the A8 and P8
respectively. The elemental homogeneity values for the A8 & P8 are quite
- comparable to a well established reference material i.e BK , while using the
same sample sizes, see Tables 5.1 & 5.4 . The inhomogeneity of the material 
contributes to the errors in determining the elemental concentrations.
Therefore relatively higher errors may be expected for the materials with 
poor elemental homogeneities e.g diet samples (Table 5.2). The materials with
poor homogeneity require a larger mass to be representative of the material.
The representative masses for a variety of materials may well be estimated 
from their experimentally determined elemental sampling factors. In order to
determine the representative masses for the biological and environmental
materials A8, P8, BK, CB, Soil7 and the three diet samples, the elemental 
sampling factors were evaluated by irradiating sub samples (15 of each 
material) at the ICIS and CAS facilities. The sampling factors in the form of
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Ki and K5 corresponding to 1 % and 5 % sub sampling errors respectively , 
were determined for A8, P8, BK and Soil7 , see Table 5.5. The sampling
factors corresponding to K5 values are graphically presented in Fig. 5.3.
Where as the sampling factors (Ki & Ks) for the diet samples and IAEA
reference material CB are presented in Table 5.6. The Ks values for Ca, Cl, F
and Na in the diet samples show good agreement while the Ks values in the CB 
are found significantly lower with the exception of Cl . The Ks value for Cl 
in the CB sample is higher than the diet samples , similarly the sampling 
factor for Na in A8 & P8 are found significantly higher than BK, which is
attributed to their Cl & Na concentration values in the materials involved.
The representative mass for BK may be recommended as 190 mg on the basis of
Ks values (Table 5.5). A representative mass of 128 mg could be considered
for BK if Cu is not an element of interest in the analysis. In the case of A8 
& P8 a representative mass of 540 mg can be considered with respect to Ks 
values. The representative masses for A8 & P8 may be significantly reduced to
21 mg and 12 mg when Na and V in A8 and Cu, Dy, Na and V in the case of P8
are not the elements of interest. For measuring Ca, Dy, Mg, Mn and V in Soil7
using the ICIS facility a representative mass of 33 mg will be sufficient.
In the diet samples four out of five elements show that Ki values are in
grams, whereas in practice even 500 mg of sample size in CAS can cause 100 % 
dead time. Therefore using Ks values 400 mg sample size seems to be suitable 
as a representative mass for the diet samples. A representative mass of 100 mg 
for CB may be considered when Mn and V are not the elements of interest in 
the analysis. The representative masses evaluated on the basis of Ks values
for most of the materials e.g diet samples and Soil7 are large enough to
create high dead time problems when irradiated in the CAS or ICIS . For
instance 33 mg of Soil7 and 400 mg of diet samples may introduce up to 100 %
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E l e m e n t App  1 e l e a v e s P e a c h 1 e a v e s Bo we n s k a l e S o i l 7
Ki Ks Ki Ks Ki Ks Ki Ks
mg mg mg mg mg mg mg mg
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Fi g . 5.3 A comparison o f  sampl ing f a c t o r s  f o r  t h e  e l ement s  measured  
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dead time in the CAS or ICIS . One way of solving the dead time problem is to 
reduce the mass of the sample by using Ks or Kio values which of course will
introduce relatively higher sub sampling errors (up to 10 %) on the results.
Mass fractionation could be another solution to the dead time problem,
associated with the large sample sizes (necessary for analysing 
representative masses).
In the present work mass fractionation has been employed for Soil7, P8 and BK
materials using samples of about the same sizes as their evaluated
representative masses. The sample masses used for Soil7, P8 and BK were 39
mg, 450mg and 450 mg respectively. Each sample was divided into 15 replicate
sub samples of equal mass to be irradiated in the CAS . Therefore, reducing
the dead time of 100 % for all of the three materials (Soil7, P8 and BK) to <
14 % with the help of mass fractionation. After irradiation and counting of
15 fractions (sub samples) of all three materials their spectra were added up 
together as described in section 5.4. The results from the accumulated
spectrum obtained from the first five fractions, ten fractions and fifteen
fractions along with the first single fraction, are listed in Table 5.7a,b &
c, for BK, Soil7 and P8 respectively. The precision of elemental
determination at the CAS has significantly improved with the increase in the
number of fractions for all three materials analysed. The number of elements
detected in the CAS facility has also been increased by employing mass
fractionation to the materials. For instance in the case of BK the number of 
elements determined have improved from 9 to 13 (Table 5.7a), in Soil7 from 6
to 12 (Table 5.7b) and in P8 the number of elements determined were 10 with
the help of mass fractionation instead of only 5 with single fraction (Table 
5.7c). Therefore mass fractionation was found not only useful for determining
additional elements but also concentrations were obtained with better
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( a )
Element
1 Fraction 
(30 mg)
C o unt P r . ( %)
5 Fractions 
(150 mg)
C o u n t  P r . ( %)
10 Fractions 
(300 mg)
C o u n t  P r . ( %)
15 Fractions 
(450 mg)
C o u n t  P r . ( %)
Br 112 23.6 704 11.5 1440 9.8 2672 4.1
Ca 498 4.5 2360 3.2 4550 2.8 8147 2.5
Cl 483 3.8 2660 2.1 5240 1.5 9178 1.2
Cu ----- ----- ----- ---- 220 21.6 378 18.3
F 71 15.8 410 6.9 838 5.4 1397 2.4
K 117 15.5 512 5.4 966 5.0 1634 4.1
Mg 69 17.8 381 8.2 824 5.3 1357 5.4
Mn --- --- 158 10.9 411 5.3 677 4.2
Na 369 3.6 1860 2.2 3560 1.8 5870 2.0
Rb --- --- 1890 6.2 3710 5.2 5720 4.5
S --- --- 45 15.6 83 13.2 124 13
Se 172 18.5 612 10.8 1197 6.7 1842 6.5
V 108 14.8 551 5.3 1032 5.2 1629 4.3
P r .-> Is p r e c i s i o r ( V s + 2 B
Table 5.7 Mass fractionation results from 15 determinations 
using cyclic neutron activation
(a) Bowen's kale (b) IAEA Soil7 (c) Peach leaves
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( b )
El  e m e n t
1 F r a c t i o n  
( 2 . 6  mg)
Co u n t  P r . ( % )
5 Frac  t  i o n s  
(13 mg)
Cou n t  P r . ( % )
10 Frac  t  i o n s  
(26 mg)
Co u n t  P r . ( % )
15 F r a c  t  i o n s  
(39 mg)
C o u n  t  P r . ( % )
Ca 1 6 2  4 . 7 745 3 . 3 1580 2 . 8 2230 2 . 4
C l ------ ------ 146 1 5 . 2 348 8 . 7 522 5 . 6
Dy 1 8 5 0  6 . 5 9780 5 . 7 17000 5 . 8 25500 5 . 7
F ------ ------ 702 1 5 . 7 1000 1 2 . 8 1492 1 2 . 4
H f 2 1 9 0  5 . 8 12000 3 . 2 22300 2 . 6 33792 2 . 2
Mg ------ ------ 650 1 0 . 6 1150 7 . 6 1794 7 . 1
Mn 1 4 2  1 7 . 8 531 1 1 . 5 1280 6 . 2 1927 4 . 4
N a ------ ------ ----- ------ ----- ------ 257 4 . 4
T i ------ ------ 1250 1 0 . 9 2570 9 . 3 3714 8 . 2
V 6 9 0  7 . 2 3530 3 . 6 7400 2 . 7 10867 2 . 5
P r . " ^  I s  p r e c i s i o n  (  ^  S + 2 B )
( c  )
El  e m e n t
1 F r a c t i o n  
( 3 0  mg)
Co u n t  P r . ( % )
5 Frac  t  i o n s  
(150 mg)
C o u n t  P r . ( %)
10 Frac  t  i o n s  
(300 mg)
Cou n t  P r . ( % )
15 F r a c t i o n s  
(450 mg)
C o u n  t  P r . ( % )
B r -------- ----- 279 26 502 17 667 9 . 2
Ca 1 3 1 3 . 8 728 2 . 4 1460 2 . 2 2120 1 . 5
C l 1 4 3 1 1 . 5 624 4 . 8 1070 3 . 1 1310 2 . 8
D y ------ ----- 1210 7 . 7 2450 7 . 2 3560 6 . 5
F ------ ----- ----- ------ 262 1 0 . 4 326 9 . 6
K 2 4 2 9 . 2 1040 4 . 6 1400 4 . 2 1670 4 . 3
Mg 1 7 7 7 . 5 926 . 4 . 5, 1770 3 . 0 . 2470 2 . 7
Mn 3 72 3 . 8 1980 2 . 5 3070 2 . 2 3890 2 . 2
T i ------ ----- ----- ------ ----- ------ 496 15.  3
V ----- 362 8 . 4 701 6 . 5 1030 1 . 8
P r . I s  p r e c i s i o n  ( ^  S + 2 B )
T a b l e  5 . 7  C o n t .
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precision. The additional elements detected through mass fractionation with
the improvement in the precision as a function of the number of fractions are
graphically presented in Fig.5.4a & b & 5.5. The Fig.5.4b shows the results 
obtained from an accumulated spectrum of five fractions, ten fractions and
from fifteen fractions for BK. It can be observed that only Ca, Cl and Na
were detected with a precision of < 10 % for the single fraction, while from 
the accumulated spectrum of fifteen fractions all the elements detected at
CAS were well with in 10 % precision with the exception of two elements i.e 
Cu and S. Poor precision of Cu and S may be attributed to low concentration 
level of Cu in BK (4.89 ppm) and very low isotopic abundance of 65Cu(0.014%).
5.8 Conclusions
In this study the sampling factors for a number of elements in a variety of
biological and environmental materials at the CAS and ICIS facilities have 
been reported. The elemental sampling factors have allowed estimation of the 
representative masses of the materials (BK, A8, P8, Soil7, Fl-9, F2-9, F3-9 
and CB) involved in the present work. The representative masses for the diet 
samples were found large enough to cause a serious problem of high dead time. 
The large sizes of the representative masses for the diet samples can be
attributed to the inhomogeneity of the materials. The homogeneity values for
the elements detected at the CAS and ICIS in the above stated eight materials
were also determined, where A8 & P8 biological materials were found well
7;v,, -
homogenized, as good as a well established reference material(BK). Therefore-
fi vY>">
after looking —at the sampling factors, homogeneity and precision of the
elemental determination at the ICIS and CAS it can be concluded that P8 & A8 
may become useful reference materials in future, however the diet samples may
not be recommended due to significantly higher associated errors.
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Mass fractionation has been proven to be very useful in determining
additional elements with better precision and also in minimizing the high 
dead time problems. The measurement of fluorine, which suffers from
interference of Na, was made possible by mass fractionation in the materials
which have very low contents of fluorine e.g P8 and BK . In the previous
chapter (Ch.4) low levels of fluorine were not measured in * the P8 & A8
materials through CNAA . Measurement of fluorine in Soil7 , which has a
higher F content i.e 480 ppm [MUR 85] was also not possible through CNAA due 
to the very high dead time. When mass fractionation was employed for the 
analysis of P8, BK and Soil7 it was found successful in measuring the low 
levels of fluorine in BK & P8 , whereas. fluorine measurement was also 
possible in Soil7 by minimizing the dead time problem. Fluorine was measured 
through accumulated spectrum of 11 to 15 fractions (five determinations), 
after correcting for Na interference, as (6 ± 1.2) ppm. The result was found 
in good agreement with the certified value of fluorine in BK i.e (5.87 ± 
0.97) ppm. In P8 samples fluorine was not detected until the accumulated 
spectrum of 9 fractions, where as Na was not detected even in the accumulated 
spectrum of 15 fractions (Table 5.7c & Fig. 5.6). Therefore fluorine contents
in NIST P8 sample (seven determinations) were measured without making any 
corrections for the Na interference, as (8.4 ±  1) ppm. In Soil7 fluorine was 
detected in the accumulated spectrum of 4 fractions, where as Na was not 
detected until the accumulated spectrum of 13 fractions (Table 5.7b &
Fig.5.5). Therefore fluorine determination in Soil7 was also carried out 
without Na interference as (456 ± 62) ppm which is found in good agreement 
with the non certified value listed for fluorine in IAEA Soil7 i.e 480 
ppm. The detection limits for fluorine determination in IAEA Soil7, BK and 
NIST P8 samples were found as 87, 2.2 and 1 ppm respectively.
117
CHAPTER 6
LAGOS AIR PARTICULATE ANALYSIS
6.1 Introduction
Air particulates are important atmospheric pollutants, their elemental 
composition depends on the source and process of formation. Some particulates 
containing toxic elements are harmful to human health. The presence of trace 
elements in the airborne dust may either be attributed to the earth’s surface
or to the local atmosphere. Heavy winds, the eruption of volcanoes and
industrial processes which discharge exhaust fumes are the main causes for 
the terrestrial aerosols raised from the surface of the land and oceans.
Mobilisation to the atmosphere may occur by the combustion of fossil fuels 
and through industrial activities which cause fumes and resulting trace 
elements. Therefore, pollution through the atmosphere may extend far beyond
the source area. The larger particles (> 10 pm) return immediately to the
land’s surface through the sedimentation process. Whereas smaller air
particulates will remain in stable aerosol suspension and may be raised to 
higher altitudes by uprights and turbulences. The smaller particulates 
(sub-micron) may reach up to the stratosphere and be distributed on a world 
wide scale. The particles which are confined to the troposphere will be
transported to the zonal circulation before returning to the earth. Coarse
particles (> 2pm) may rise as dust sprays and other dispersion products.
Whereas fine particulates (< 2 pm) are produced by the cooling of the 
initially high temperature fumes or through chemical reactions of gases
within the atmosphere. Gaseous pollutants may return to the ground through
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condensation processes, in the form of (NH4)2N 03 and (NH4)2SC>4 compounds. The 
pollutants in the form of metals after being volatilized by combustion and 
smelting processes may become absorbed by the particulate matter in the 
atmosphere. By measuring trace elemental concentrations in coarse and fine 
particulate size ranges, clues may be obtained concerning which of the above 
said possibilities may be the immediate source processes for the release of 
the pollutants to the atmosphere at the point of collection.
Human populations are exposed to trace elements in air borne particulate 
matter, in soil, water, food and other materials which are in contact with 
human beings. Anthropogenic processes increase the concentration of trace 
elements in the atmosphere above their natural levels and also the rates of 
mobilization. This increased elemental concentration in the atmosphere may 
cause health risks for the population through direct inhalation of polluted
air, from ingestion or by other means. The hazards caused by inhaled 
particulates depends on their chemical composition and on the site at which 
they are deposited within the respiratory system.
6.2 Environmental pollution in Lagos
Lagos is one of the biggest industrial cities in Nigeria and shares about 38
% of the total Nigerian manufacturing industries. The concentration of
industries in a small area worsen the air pollution problem around the
industrial area. The main industries in and around Lagos are associated with
the manufacture of cement, glass, plastics, pharmaceuticals, automobiles,
cur
textiles and paints. The main sources ofy pollution in Nigeria are automobile, 
natural gas flares, natural gas and bush burning, domestic and industrial 
waste burning and Harmattan dust. Harmattan dust results from the cool dry 
north- east trade wind which blows across Nigeria, between November and early
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March every year. This dust originates from the Chad basin and diminishes
southwards. In industrial cities like Lagos, on top of the pollutants stated 
above, there are chemical fumes and gases from the industries which worsen
the local atmosphere. It has been reported that the skyline in the city does
not become visible until almost midday due to a grayish haze with an
unpleasant odour. Apart from chemical fumes and off gases from the
industries, cement particulates and automobile exhaust have been most often
discussed in the literature as the main pollution sources in Lagos [AKE 89].
In the early seventies, 80 % of the air pollution was reported to be due to
vehicular exhaust in Nigeria. Significantly high amounts of Pb in super grade 
gasoline i.e 600 to 800 mg/litre have been reported [ONI 83]. The annual mean 
levels of S 02 in Nigeria were quoted as 0.05 to 0.1 ppm and less than 50 % of
the observations made during off peak traffic hours were found to have
concentrations < 0.07 ppm. Whereas the World Health Organization (WHO)
recommendation for S 02 annual mean levels is < 0.02 ppm and with 98 % of the 
daily observations to be below 0.07 ppm. The daily average level of CO in
Nigeria has also been reported to be significantly higher (10.6 ppm) than the
recommended limit set by WHO [OLU 79]. The speed of motorcars also plays an 
important role in causing pollution, through exhaust. In Lagos the operating 
speeds of automobiles has been reported to be very low (0 —  10 k m /)fo r most
'w
of the roads. Such low speeds cause an increase in the levels of CO from the 
automotive exhaust. Dust mobilisation for the vehicular activity is an 
important source of suspended particulate matter, with the emission rates of
re-entrained particulate matter per vehicle per km (Veh-km) of road. The
Veh-km values for paved and unpaved roads have been estimated as 6.5 and 61.5
g, respectively in Ife (about 200 km from Lagos). It has been reported that
the Veh-km values are representative of most urban and rural roads in Nigeria
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[AKE 86]. In London, U.K , these values (Veh-km) have been estimated as 0.1 g 
, much lower than in Nigeria [BAL 83]. On the basis of the Ife study, 
Akeredolu reported that the dust mobilisation from motor vehicle use on paved 
and unpaved roads in Nigeria is 6.12 x 108 and 1.87 x 1010fcg/y respectively 
[AKE 89].
Domestic waste, bush burning and gas flaring are other sources of pollution
in Lagos. The estimated domestic waste generation by the population of Lagos 
city (2.6 million) has been reported as 5 x 105 tonnes/year , roughly half of 
which is combustible in nature. About 77 % of the total natural gas produced 
in Nigeria is flared routinely, and in 1986 it was 1.68 x 1010m3 [AKE 89].
Adverse effects of gas flares on vegetation growth and in producing haze has
also been reported [ISI 76 & SAL 87].
The cement industry is another source of air pollution in Lagos. The dust 
losses from cement plant kiln stack are reported as 1 to 4 % of the clinker 
produced [AKE 89]. Whereas in Germany the kiln stack dust loss has been
quoted as 0.15 % again much lower than the value in Lagos [AKE 89]. The
adverse effects of the cement dust particulates have been shown to be skin
allergies, eye and respiratory irritations, exertional dyspnea and chronic
bronchitis of cement factory workers [KAL 73]. Significant influence on both 
lung function and the frequency of occupationally related symptoms in the 
directly exposed cement workers has also been reported [OLE 84]. The effect
of cement dust on the elemental composition of soils around two cement
factories has recently been studied and the effect of cement on the soil 
contamination was found localized and prominent in the top soil [ASU 90].
In the present study INAA has been used in order to measure the elemental 
composition of the air particulates collected from Lagos, as part of a
collaborative project between the Universities of Stuttgart (Germany) and
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Surrey (U.K) and Obafemi Awolowo (Nigeria). Sampling was carried out at three
sites in Lagos within a radius of about 4 km with the help of a six stage 
cascade impactor air sampler. Twenty two elements were determined in the air
particulates and their distribution with different particulate size ranges
was also observed. Scanning electron microscopy (SEM) was employed in order 
to study the air particulate shapes and size distributions for the cascade 
impactor stages. It is expected that the present study of Lagos air
particulate will provide an important step towards air pollution monitoring
and in establishing the criteria for setting permissible levels for various 
pollutants in Nigeria.
6.3 Air particulate sampling
Air particulates analysis at Lagos is part of the environmental monitoring
program funded by the European Economic Community as a Linkage program for
exchange of academic staff and researchers between EEC countries and African, 
Caribbean and pacific states, as an aid to development under the Lome III
agreement. The co-directors of the program are Dr. N.M Spyrou (University of 
Surrey , U.K ), Prof. A Voss (University of Stuttgart, Germany) and Prof. A.F
Oluwole (Obafemi Awolowo University, Nigeria) . Under this programme the air 
pollution levels in the environment will be monitored and its consequences
on the public health and on the ecosystem in Nigeria will also be studied. 
The main objectives of the work presented here, are
(a):- To extend the use of the INAA for the analysis of air particulates 
collected from three sites in Lagos with dominant emission sources.
(b):- To measure the elemental concentration of the air particulates and 
their association with particle size.
(c):- To evaluate the enrichment factors for all the elements determined in
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air particulates, in order to determine source attribution.
(d):- To observe the shape and size distribution of the air particulates with
the help of Scanning Electron Microscopy (SEM).
As mentioned earlier, air particulate sample collection was carried out at 
three different sites within a radius of about 4 km in Lagos using a cascade 
impactor air sampler. The samples were collected during June to September 
1989, the rainy season in Nigeria. The wind speed remains relatively slow i.e 
about 3 m/s in the rainy season, therefore, the horizontal transport and 
dispersion of the pollutants becomes limited [AKE 89]. Each particulate 
sample was consisting of three air filters (Whatman-41), placed at the first,
third, and sixth cascade impactor stages of the cascade impactor air sampler. 
Seven to nine samples were collected from each of the three sampling sites. 
Day to day variations in the elemental concentrations of the air particulates 
are expected due to speed and direction of wind, time of sample collection
and weather conditions. All filters (Whatman-41) were coated with
Vaseline-hexane ( 1 : 10 ) solution in order to improve the efficiency of the 
filters in retaining air particulates on their surface. The filters were then 
weighed after being kept in desiccator for 24 hours and were weighed again 
after sample collection, in order to determine the total suspended 
particulate mass at each stage of the cascade impactor used.
The selection of three sampling stations in Lagos enabled the study of air 
pollution in an industrial area and nearby residential area. The following is 
a description of the three sampling sites;
(1) Meteorological service station, Oshodi
Oshodi is a small residential area surrounded by different industries. The 
sampling station was not located within the premises of any particular
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industry. The air sampler was mounted on the roof top of the meteorological 
service station building. The Ilupeju industrial estates are not far away
(about 2 km) from the sampling site and therefore, fugitive emissions from
the industries can be observed at this sampling station. Eight samples were
collected during the period 15/6/89 to 17/8/89. The sampling period was not 
constant and varied between 11 to 24 hours.
(2) Ogba area , Ikeja
The second sampling station in Lagos was situated at No.51 Agnda Road, Ogba, 
which is very close to a residential area, comprising mainly government flats
for the middle class public. This sampling site is also close to the Ikeja 
industrial estate, therefore pollutants from the industries can be expected
to be found, especially when wind speed and direction is favourable. Seven
samples were collected during the period 17/8/89 to 24/8/89. The sampling
time varied between 12 to 20 hours.
(3) Oba Akran Avenue , Ikeja
The third sampling station is relatively closer to the Ikeja industrial
estate. The cascade impactor sampler was mounted on the roof top of the 
administration building of a pharmaceutical industry which is away from the 
premises of the industry. This sampling station is also surrounded by several 
industries e.g iron and steel, pharmaceuticals, paints, motorcars and
textiles. This area is expected to show higher pollution levels compared to
the other two sampling sites. Nine samples were collected from this site
during the period 8/9 to 21/9/89, with sampling times varying from 18 to 24 
hours.
All samples collected at the three sampling sites consisted of three filter
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papers (Whatman-41) corresponding to the three impactor stages mentioned 
above of the six stage cascade impactor (Sierra 235) air sampler.
6.3.1 The cascade impactor air sampler
Cascade impactor air samplers have very often been used in the study of
ambient air pollution, where not only elemental composition of the suspended
particulates is to be determined but also where their distribution as a 
function of the aerodynamic particulate size must be known. Design and 
performance of the cascade impactor air samplers have been reported in the
literature [WED 85 & BIS 90]. All impactor stages in a cascade impactor air 
sampler operate in series and are arranged in order of particulate cut-off
sizes, with the largest cut-off size first and reduced in the following
stages. Since the same volumetric gas flow travels through each stage , only 
one flow needs to be controlled. The cascade impactor works by pumping a
stream of air through the air sampler along with any particulates it
contains. The air stream makes sharp changes in direction at increasingly 
higher flow velocities as it goes down the impactor stages. Particulates with 
too high inertia to flow in the air stream are impacted on the collection
surface i.e filter paper.
In this study six cascade impactor stages attached to the high volume air
sampler (Sierra 235) were used. The nominal flow rate for the Sierra 235 is
3 31.13 m /min . However, it may be operated between 0.56 to 1.42 m /min . The 
size of the filter paper (Whatman-41) at each impactor stage is 142 x 150 
mm2 except the last sixth stage (back up filter) which is 200 x 250 mm2 . The 
first five stages are slotted and the width of each slot in each impactor
stage is constant but reduces in the succeeding stages. The air particulates
enter the air sampler through the parallel slots in the first stage and the
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particulates larger than the cut-off size of the first stage impact on the
slotted collection substrates. The air stream passes through the slots in the
collection substrates, accelerates through narrower slots in the second
impactor stage and the remaining particulates, greater than the cut-off size
of the second impactor stage, impact on the second collection substrata' and
so on. The smallest particulates (sub-micron size) eventually acquire
sufficient momentum to impact on the final back up substrate. The cut-off
sizes for each cascade impactor stage of the Sierra 235 air sampler, as
quoted by the manufacturers, used in the present work are as follows
Im pactor stage P artic le  size (|im)
1 7.2
2 3.0
3 1.5
4 0.95
5 0.45
6 <0.2
J n —the—present work the cascade impactor filters were coated with a Vaseline 
hexane solution to minimize particulate bounce-off, as suggested by Jervis 
[JER 89]. The coating of the impactor surface has not been found efficient 
for sampling times longer than one day [HEI 81]. The filter papers used i.e 
Whatman-41, in—the-present work, have been recommended by many authors in the 
literature [PRI 87 ; JER 87]. The collection efficiency of the Whatman-41
filter paper has been reported as 80 % or higher for most particle sizes [NEU 
75]. The impurity concentrations of Whatman-41 has also been reported as very
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low [PRI 87]. In the present work the impurity contents in Whatman-41 are
measured and compared with the literature values in the following sections. 
The disadvantage of the use of the Whatman-41 filter is that it is
hygroscopic which is a very important factor to consider, especially, in
Lagos where humidity levels are high. Therefore, in order to overcome this
problem all filters were weighed prior to sampling and afterwards in the low
humidity controlled area.
6.4 Sample preparation
Three strips were separated from the filter papers of the first and third
cascade impactor stages. Two strips were used for long irradiation at the CT 
facility and the remaining one strip for short irradiation at the CAS, in
order to measure short lived and long lived radionuclides, respectively. From 
the back up filter (sixth stage) an eighth portion was separated which was
further divided into half for irradiation at the CT and CAS facilities. Since 
the comparative method was employed for the elemental measurement in the air 
particulates, samples were also prepared from two reference materials, BK and
IAEA Soil7. The filter samples were folded and placed into suitable prewashed
polythene capsules, especially made for the CAS and CT. The samples from the
reference materials (BK & Soil7) were prepared in the form of 7mm diameter 
pellets for the long irradiation at the CT , whereas for the CAS the samples 
were in powder form, since a small amount of sample mass was involved. At the 
CT a Zr wire was also irradiated along with the samples for making flux 
corrections.
To carry out analysis with the SEM the sample itself must be electrically 
conductive, if not it should be made conductive before being analysed. Tn the 
present work the air particulate samples on filter papers (Whatman-41) were
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not electrically conductive. In such cases samples may become negatively 
charged when exposed to the electron beam due to electron pile-up which will
ultimately lead to repulsion and deviation of the in coming electron beam. As 
a result the image will be distorted and blurred. In order to overcome this 
problem the air particulate samples were coated with a thin (about 30 nm) 
layer of carbon. All samples were cut into a strip of approximately 1 x 0.5
cm and each strip was mounted on an A1 stud, of about 1 cm diameter, with
the help of double-sided stick-on adhesive tape. The samples mounted on the 
A1 studs were placed in a roughing vacuum bell jar to perform carbon coating
and a carbon layer of about 30  nm was applied on the samples.
6.5 Irradiation and counting conditions
Two different irradiation facilities have been used in order to measure short
and long-lived radionuclides in the . air particulates, CAS and CT, 
respectively. For determining the radionuclides with short half lives (few 
seconds) and medium half lives (few minutes to few hours), the timing 
parameters for irradiation and counting of the air particulate samples were ; 
300 s irradiation, 60 s decay and 300 s counting time. The irradiation of
samples in the CT was performed for 35 to 38 hours and their counting was 
carried out at the University of Surrey with a Ge(Li) detector. The counting 
of the samples was done twice. First counting was carried out after a decay 
time of about 65 hours for a counting time of 1800 s, for measuring
radionuclides with half lives of a few hours to a few days. The second 
counting was performed after a decay time of about 300 hours for a counting 
time of 5000 s, in order to measure very long lived radionuclides (with half
lives of the order of months and years).
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6.6 Results and discussion
INAA has been employed for measuring the elemental composition of the air 
particulates, collected from three sites in Lagos. The irradiation of the
samples had been carried out in polythene capsules, therefore in order to 
measure the impurity levels, seven empty capsules were irradiated in the CAS 
under the same conditions as used for the air particulate samples. Four 
impurity elements were determined in the empty CAS capsule, using the same 
irradiation and counting conditions as for air particulate samples. In the
present work air particulates have been collected on Whatman-41 filter
papers, which contain a number of impurity elements, as has been mentioned
in the literature [DAM 72]. Therefore seven blank filters at the CAS and CT 
facilities were irradiated for measuring impurity levels under the 
irradiation and counting conditions used for the samples. Seven impurity
elements were determined in the blank filters at the CAS and CT facilities.
Mean values for the elemental concentrations measured in the blank CAS 
capsule and in the blank filter paper (Whatman-41) are presented in Table
6.1. The impurity levels determined in the blank capsule and blank filter 
paper may be neglected in the present study where the concentrations levels 
in the samples are relatively very high e.g mean value for Cl at Ogba was
about 5.8 mg whereas total impurity level for Cl in the blank capsule and 
blank filter was found to be < 10 jig and for Br the mean concentration at 
Ogba is 35.6 jig whereas the maximum impurity level (sum of blank capsule and 
blank filter) was < 65 ng. Therefore, the interference due to the impurities, 
listed in Table 6.1 were found to contribute < 0.2 % . The impurity levels
(ng/ c m ) determined in Whatman-41 have been compared with the literature
values in Table 6.1. In the present work concentrations for the Cl and Na are
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found to be significantly higher than the literature values which may be
attributed to the contamination of the filter papers during handling or due 
to the moisture absorption (high levels of Na and Cl are measured in Lagos 
air particulates). The minimum detectable masses for all the elements
measured at the CAS and CT , in a typical air particulate filter sample (from 
Oba Akran) and in the reference materials used for measuring elemental
concentrations in the air particulates (BK and IAEA Soil7) have been 
determined, under the same irradiation and counting conditions as employed
for the samples, in order to observe the performance of the technique
employed for the trace analysis, Table 6.2.
Scanning electron microscopy (SEM) was employed in order to determine the
shape and size distributions of the Lagos air particulates, see Table 6.3.
Fifty air particulates from each impactor stage involved in this study were 
observed under SEM and in general the shapes of the air particulates were
found rounded and smooth with either high or low sphericity. The degree of 
sphericity of the air particulates seemed to be improving from the first to 
the sixth impactor stage i.e from coarser to finer particulates. In this work
as only three impactor stages of the air sampler were used therefore, stage-3
will be accommodating the relatively coarser particulates of stage-2. Whereas
the sixth stage will be responsible in collecting all the particles smaller
than the cut-off size of the stage-3. The particles relative frequency (%) 
against aerodynamic diameter (pm) have been plotted for the three impactor
stages involved in this study, as shown in Fig.6.1. About 70% of the
particles at stage 1 were found with size > 7 pm, which is in agreement with 
the cut off size provided by the manufacturer for stage-1 i.e 7.2 pm. Again
at stage 3 about 70% of the particle sizes were found between 1 and 7 pm as
may be expected due to the absence of the stage 2 in the present work. The
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Element
Blank capsule 
CAS
Impurity levels
( ng )
Filter paper (
Impurity levels 
Present work
Whatman-41 ) 
2
( ng/ cm )  ^
Literature
Br 0.017 ± 0.002 4.2 ±0.7 5.0
Cl 0.55 ±0.11 621 ± 104 100
Cr N.D 0.8 ±0.3 N.D
Na 0.48 ±0.08 285 ± 68 150
Se N.D 0.05 ± 0.02 N.D
V 1.7 ± 0.5 0.05 ± 0.02 <0.03
Zn N.D 23 ± 6 <25
* Ref. [DAM 72] ^ C o n c e n t r a t i o n  in ng
Table 6.1 Trace elements in blank capsule and filter paper, used 
in present work, determined at CAS , (Average of 7 determinations).
3
Detection limits , m  sample ( ng/ m )
and in reference materials ( fig/g )
CAS CT
Element Sample Bowen's kale Element Sample IAEA Soil7
Br 5.4 1.36 Br 1.0 1.4
Ca 155 210 Ce 0.005 2.0
Cl 70 35 Co 0.17 0.8
Cu 12.8 26 (ss) Cr 0.54 3.8
Mg 181 179 Fe 57 490
Mn 2.3 2.0 Hf 0.04 0.3
Na 32 53 La 0.06 0.02
Ti 9.1 18 (ss) Na 5.6 23
V 0 .11 0.06 Sb 0 .02 0.15
Sc 0.007 0.05
Sm 0.003 0.01
Zn 2.7 5
SS ( S i n g l e  e l e m e n t a l  s t a n d a r d  )
Table 6.2 Minimum detectable elemental concentrations in air 
particulate sample, from Oba Akran, and reference materials involved
131
No .
Stage
Shape
1
Size
(pm)
Stage
Shape
3
Size
(pm)
Stage
Shape
6
Size
(pm)
1 HS/WRD 7.5 HS/WRD 15.0 HS/WRD 10.5
2 5.5 3.5 7.5
3 18.0 10.0 2.5
4 11.5 8.5 2.5
5 8.0 7.5 1.5
6 7.5 2.5 15.0
7 10.0 1.0 1.5
8 7.5 0.9 2.5
9 11.0 4.5 1.0
10 3.5 1.1 2.5
11 2.5 1.3 1.5
12 14 .0 2.0 2.5
13 6.5 5.5 1.8
14 12.5 4.5 1.0
15 12.5 8.5 2.6
16 4.5 10.5 7.5
17 7.5 6.1 1.5
18 6.5 14.0 2.5
19 8.5 7.5 10 .0
20 8.5 2.6 1.5
21 4.5 3.5 1.3
22 4.5 1.5 12.5
23 3.5 2.5 11.2
24 LS/RD 20 .3 2.7 10.7
25 6.3 10 .0 8.3
26 LS/WRD 11.4 4.5 HS/RD 8.3
27 12.6 6.5 11.8
28 6.7 3.5 1.5
29 6.7 4.5 9.0
30 7.5 5.5 1.8’
31 8.5 3.5 2.2
32 12.4 1.0 2.5
33 8.7 5.5 8.4
34 14.4 3.5 1.3
35 10.0 8.5 1.5
36 10.9 LS/WRD 1.8 1.3
37 4.7 6.6 2.2
38 11.2 14.4 LS/WRD 3.6
39 7.0 5.5 1.5
40 5.3 6.3 2.2
41 8.4 11.8 3.7
42 6.7 6.8 1.4
43 7.5 8.5 4.2
44 9.5 7.7 3.1
45 10.5 5.4 2.6
46 8.2 8.2 1.4
47 9.1 2.6 1.4
48 13.9 2.8 1.4
49 7.8 2.4 2.4
50 7.9 6.9 1.2
HS , LS -> H i g h  a nd low s p h e r i c i t y  
W R D  , RD -> We l l  r o u n d e d  and r o u n d e d
Table 6.3 SEM results for the shapes and size (aerodynamic diameter) 
distribution of air particulates, on different impactor stages used in 
sample collection at Oba Akran, Lagos.
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Fig. 6.1 Size distribution of the Lagos air particulates determined by 
SEM
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cut off size for the panicles at stage 3 has been quoted as 1.5 p.m by the
manufacturer. Most of the particles (> 65%) observed at stage 6 were found in
the size range of 1 to 3 pm, whereas according to the manufacturer stage 6
should have collected particles with size < 1.5 pm. Random selection of areas
on the air particulate samples was performed for determining the particle
shape and size distribution by SEM . The selection of particles observed by
SEM on each sample was also random and especially for stage-6 biased towards 
larger particles, due to the fine particles charging off problem.
Twenty four samples (each consisting of three filter papers corresponding to
impactor stages 1, 3 & 6, collected from three sites (Oba Akran, Ogba and
Oshodi) in Lagos, were analysed by INAA and the variations in the elemental
concentrations (the sum of three impactor stages involved, for each sample)
from sample to sample are listed in Table 6.4, 6.5 & 6.6. The change in the 
elemental concentrations of the air particulates, collected from Oba Akran,
Ogba and Oshodi, have also been presented graphically, Fig.6.2a, b and c. At
Oba Akran 9 samples were collected over a period of 13 days in September. A
significant decrease in elemental concentrations on Sunday (10/9/89) was
observed, similar decreases may also be observed on 20/8/89 at Ogba and on 
17/6/89 at Oshodi. Sunday being a holiday in Nigeria, low anthropogenic 
activities may be expected. Low levels of elemental concentrations, at Oshodi
on 16/8/89 may be attributed to the fact that the sampling was carried out
during the off peak hours for anthropogenic activities i.e from 7.45 p.m to 
1.45 a.m. On the contrary, relatively high elemental concentrations were
observed on 24/8/89 at Ogba when sample collection was carried out during the
peak hours for anthropogenic activities i.e from 8 a.m to 6 p.m.. A
significant decrease in elemental concentrations of air particulates on
weekends has been reported by Hassan [HAS 72]. The total elemental
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Element
Total (sum 
( ng/m3 ) 
No . 1 N o .2
of three impactor 
for nine samples
N o . 3 N o . 4 N o . 5
stages)
No . 6
concentrations 
No . 7 N o .8 N o .9
Br 29.5 26.9 29.0 20 23.3 21.4 29.4 24.9 25.3
Ca 1779 989 1121 670 1008 828 799 1462 738
Ce 4.53 1.71 3.52 2.26 3.49 2.38 1.49 2.44 1.11
Cl 3328 2352 2821 2086 2044 3556 4485 4877 2417
Co 2.0 0.44 1.3 1.03 2.9 2.86 1.6 2.0 1.4
Cr 19.3 12.8 7.3 3.9 6.18 4.92 3.85 5.64 7.04
Cu 167 128 201 96 155 117 61.6 149 138
Fe 2723 812 1172 919 1865 1297 599 1428 1165
Hf 1.21 0.24 0.32 1.37 0.54 0.5 0.2 0.24 0.26
La 26.7 1.03 1.7 0.97 2.92 1.38 0.82 1.2 8.1
Lu .01 .002 .005 .007 .012 .006 .006 .004 .003
Mg 1 1 1 1312 1359 751 1203 1098 2047 2131 756
Mn 26.4 15.3 19 12 .7 14.4 16 8.6 29.2 16.3
Na 1953 1416 1791 1074 1134 1848 3007 1732 1997
Sb 0.7 0.84 0.68 0.64 0 .45 0.36 0.32 0.87 0.24
Sc 0.61 0.13 0.26 0.16 0.57 0.38 0.16 0.27 0.25
Sm 0.35 0.12 0.11 0.1 0.1 0.1 0.1 0.13 0.14
Th 0.2 0.37 0.3 0 . 68 0 . 44 0.12 0.42 0 .17 0.32
Ti 169 44 126 23.6 86 79 73 200 88
V 6.8 2.6 8.1 3.8 5.9 7.5 9.1 8.1 2.2
Zn 510 89 84 56 104 103 77 231 173
Table 6.4 Results for the nine air particulate samples collected
at Oba Akran, Lagos, from 8/9/89 to 21/9/89 .
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Element
Total 
( ng/m 
No . 1
(sum of 
3) for
No . 2
three impactor stages) concentrations 
the seven samples
N o . 3 N o . 4 N o . 5 N o . 6 No . 7
Br 36.3 27.3 28.4 26.2 33.4 36.8 62.3
Ca 1615 2021 1885 1811 2470 2488 2893
Ce 1.7 2 .76 2.88 2.8 4.8 2.23 6.22
Cl 7265 7260 7165 5250 4653 3439 5990
Co 0.36 0.39 0.51 0.3 0.72 1.1 2.97
Cr 3.44 5.0 6.4 3.22 6.6 4.8 8.4
Cu 108 57 81 151 76 185 156
Fe 835 1109 1247 1106 1952 1996 2468
Hf 0.31 0 .27 0.28 0.29 0.5 0.59 0.77
La 0.84 1.36 3.0 2.4 1.77 13.0 3.57
Lu .005 .02 .006 .04 .012 .011 .016
Mg 2192 2770 1176 2325 2703 1293 2920
Mn 15.1 24 .5 23.6 15.0 36.9 25.2 40.0
Na 3095 3458 3965 2590 1873 2186 3766
Sb 0.2 0.25 0.41 0.36 0.88 0.69 1.59
Sc 0.5 0.29 0.3 0.33 0.46 0.89 0.75
Sm 1.0 0.21 0.3 1.27 0.25 0.18 0.6
Th 0.22 0.46 0.27 0 .42 0 .71 0.63 0.91
Ti 75 162 146 47 275 262 260
V 4.7 4.55 2.85 33.7 7.2 3.5 4.76
Zn 87.3 87.5 146 65 93 104 286
Table 6.5 Results for the seven air particulate samples collected
at Ogba , from 17/8/89 to 24/8/89 .
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Element
Total (sum of 
/ 3( ng/m ) for 
No . 1 No . 2
three impactor stages) concentrations 
the eight samples
N o . 3 N o . A N o . 5 No. 6 N o . 7 N o . 8
Br 76.2 82.5 73 .7 70.0 83.4 80.4 45.0 38.6
Ca 1788 1347 1220 1739 895 1334 1640 583
Ce 7.58 3.89 7.2 2 .57 2.16 1.43 4.32 0.68
Cl 4781 2755 3371 5505 2176 5029 6357 6217
Co 1.74 0.82 1.3 1.11 0.83 0.61 0.91 0.8
Cr 10.8 5.1 9.1 4.47 5.2 3.74 6.41 4.75
Cu 200 110 152 345 425 223 191 63
Fe 3539 1676 3086 1186 1362 594 1902 541
Hf 0.8 9 0.5 1.11 0.29 0.30 0.24 0.26 0.25
La 1.87 1.89 0.97 1.26 0. 62 0.46 1. 64 0 .47
Lu .01 .008 .005 .008 .007 .006 .016 0.01
Mg 2037 1385 1062 3422 978 1381 3504 2369
Mn 49.8 23.3 23.8 24 . 4 36.8 7.48 32.6 14.7
Na 2269 1851 1967 1967 1051 4070 4534 3782
Sb 1.76 1.29 0.82 1.0 0.95 1.61 1.0 0 .77
Sc 0.91 0.47 0.76 0.26 0.27 0.42 0.45 0.8
Sm 0.22 0.23 0.13 0.15 0.1 0.32 0.22 0.39
Th 0.41 0.60 0.52 0 .41 0.14 0.07 0.09 0.22
Ti 192 118 146 142 89.3 99.7 150 51.7
V 9.5 5.44 3.7 5.89 3.12 2.48 7.25 3.65
Zn 184 126 82.4 93.7 45.7 89.4 107 67 .5
Table 6.6 Results for the eight air particulate samples collected
at Oshodi, Lagos, from 15/6/89 to 17/8/89 .
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concentrations were also determined in ppm as
Sum of elem ental m asses (jig) determ ined on all impactor stages used
Sum of t o t a l  suspended p a r t i c u l a t e s  (g) on all impactor stages used
and are listed in Table 6.7 alongwith the minimum and maximum values obtained 
in 7 to 9 samples collected from the three sampling sites (Ogba, Oba Akran 
and Oshodi) in Lagos. It is important to note that the elemental
concentrations as measured at Oshodi are generally much higher than those of
Oba Akran and Ogba (a residential area) in particular. The higher elemental 
concentration levels at Oshodi may be attributed to the weather conditions
and wind direction during sample collection. The elemental concentrations in 
air particulates collected at Ogba are found significantly lower than at the 
other two sites of sample collection. The present work shows that the 
pollution caused by the industrial estates is mainly confined to a small
area.
Association of the elemental concentrations with air particulate size may be 
a big help in source attribution, which has been achieved by using a cascade 
impactor air sampler in the present work. The distribution of elemental
concentrations with air particulate sizes (corresponding to different 
impactor stages) has been presented in Fig.6.3, for elements Br, Ca, Cl, Cu, 
Fe, Mg, Mn, Na, Sb, Sc, Ti and Zn. Impactor stage-1 represent particle size >
7.2 pm , stage-3 represents 7.2 Jim > particle size > 1.5 Jim and stage-6 
corresponds to particle sizes < 1.5 J im  , according to the quoted values by
manufacturer. Fig.6.3 shows that the soil based elements e.g Sc, Ca, Fe and 
Ti are mainly attached to the coarser particle size range (stage 1 & 3). The 
other elements e.g Mn, Cu and Mg show a mixed pattern of distribution in fine
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and coarse particulates. Whereas Br, Sb and Zn are mainly concentrated in the
fine particle size range i.e in stage-6, which shows that these elements are
produced through combustion and in the form of off-gases from the industries
around. On the contrary Na and Cl were found mainly concentrated in stage-3, 
and have minimum concentration in the sub micron particle size range. The
Cl/Na ratio at three sampling sites (about 1.8) in Lagos indicate the
presence of NaCl , which may be expected, Lagos being a coastal city.
The enrichment factors for all the elements determined in air particulates,
collected from the three sampling sites in Lagos, were also evaluated, 
graphically presented in Fig.6.4. Total elemental concentrations (mean
values) were used for calculating the enrichment factors with Sc as a control
element. Due to unavailability of the elemental composition of the local
soil, a well known reference soil (Bowen’s soil) [BOW 66] was used as a 
reference soil for calculating the enrichment factors, see Fig.6.4. Six
elements (Br, Cl, Cu„ Mg, Na, and Zn) are showing significantly higher
enrichment factors, therefore indicating their source other than soil.
Whereas the soil based elements e.g Ti, Fe, Sc and Th are presenting
enrichment factors close to unity as may be expected. The very high
enrichment factor for Cl can be attributed to significantly low concentration
of Cl in the soil used as reference which has a Cl/Na ratio of 0.015 whereas 
in the present work Cl/Na ratio has been determined as 1.8 ± 0.2 .
The elemental concentrations determined in Lagos air particulates are 
compared with the atmospheric aerosols analysis carried out in India and
Canada [JER 90 ; SAD 90], Table 6.8. The higher levels of Na and Cl can be
attributed to the presence of sea salt (NaCl) in Lagos aerosols as the Cl/Na
ratio is found as 1.8 ± 0.2. The variation in the elements related to
vehicular exhaust, in Lagos and Toronto may be associated to the elemental
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Concentration values ( pg/g )
Element Oba Akran Ogba Oshodi
( 9  s a m p 1e s ) (7 s a m p l e s ) ( 8 s amp 1e s)
Min. Max. Mean Min. Max. Mean Min. Max. Mean
Br 310 572 422 105 2644 184 1291 2101 1696
Ca 5.2 25.5 19.4 7.8 19.6 10.7 16.9 39.4 28.4
Ce 25 57 41 8 27 17 .5 37 174 105
V.
O H 27.2 72.5 49.8 13.3 70.4 41.8 41.3 132 86.7
Co 7.6 58 31 1.7 8.7 5 15.5 38 24
Cr 67 276 137 17 48 27 82 238 154
ii
Cu 1.77 3.1 2.36 0.24 0.85 0.55 2.8 8 5.2
Eu 0.7 1 0.8 0.6 0.9 0.7 0.8 1.4 1.1
Fe 14 39 25.3 4 10.7 7.3 15.6 77.8 43.7
Hf 2.8 35 11 1.5 2.6 2 5.3 19.5 13
La 14 38 23 4 51 18 11 48 26
Lu 0.6 1.1 0.8 0.4 1.0 0 .74 0.7 0 .12 0.9
ii
Mg 10.3 25.4 18 5 26.8 8.9 18.5 62.8 39.5
Mn 191 378 301 73 237 125 197 1096 632
a
Na 15.1 45 24.4 5.9 33.5 18.6 19.8 107 30.2
Sb 5.4 16.3 10.4 1 4.6 2.6 18.4 42 28.5
Sc 1 8.8 5.4 0.3 3.4 2.6 4.7 19.8 10.4
Sm 1.2 5 2.7 1.2 7 3.5 1.5 7.8 4.6
Th 6.8 17 9.7 7.2 14.6 8.8 6.4 19.5 11.2
Ti 602 2422 1545 262 1571 895 1688 4225 2956
V 46 152 93 14 44 24 59 209 117
Zn 1048 7314 4181 293 931 612 864 4049 2456
C o c e n t r a t i o n  v a l u e s  in mg/g
Table 6.7 Elemental composition (fig/g) of the atmospheric aerosols 
collected at three sites in Lagos, total concentration values i.e 
sum of three impactor stages for each sample.
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Element
Concentrate 
with stands 
n = 9 
Oba Akran
.on mean val 
ird deviatic
n = 7
Ogba
.ues
/ 3 >n (ng/m )
n = 8
Oshodi
Literature 
[JER 90] 
Toronto
3
values (ng/m ) 
[SAD 90] 
Bombay
Br 25.413 35.6111 68 116 18 9.6 + 2 .05
Ca 10431345 21671422 13181392 9600 6590 + 1.45
Ce 2.3 10.8 3.3 11.4 3.3 12.2 4.4 2.42 + 1.65
Cl 31071976 586011380 452 1147 860 2110 + 1.62
Co 2.2 10.7 1 10.8 1 10.3 2.2 1.1 + 1.53
Cr 7.8 14.6 5.4 11.7 6 12.2 22 62 + 2.53
Cu 135 138 116 144 214 1111 130 63 + 2.49
Eu 0.0110.01 0.0210.01 0.0210.01 -- 0.09 + 1.71
Fe 13311601 15301560 17351987 4300 5430 + 1.41
Hf 0.5410.3 0.4210.16 0.5 10.3 --
La 4.2 14 4 13 1.2 10.5 2.5 1.19 + 1.6
Lu 0 .0110.01 0.0210.01 0.0210.01 --
Mg 12631497 21971652 20171942 --
Mn 17.516 26 19 26 ill 110 188 + 1.66
. Na 17721541 29901738 288 1117 950 1490 + 1.75
Sb 0.6 10.2 0.7 10.4 1.1 10.3 2.6 53 + 2.4
Sc 0.4 10.2 0.5 10.2 0.4510.2 0.57 0.94 + 1.47
Sm 0.1410.01 0.9 10.8 0.2 10.1 -- 0.25 + 1.46
Th 0.321.17 0.5210.22 0.3510.2 --
Ti 99 153 175 186 123 143 290 540 + 1.47
V 6 12.3 8.6 110 5 12.2 8.2 31 + 1.68
Zn 159 128 124 169 100 139 270 700 + 1.87
n N u m b e r  of s a m p l e s
Table 6.8 Elemental characterization of atmospheric aerosols in 
Lagos, Nigeria and comparison with previous work carried out in 
Bombay/ India and Toronto/ Canada.
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composition of the bitumen/heavy oil used in these cities, a comparison is 
provided in the following Table 6.9.
El e ment
Concentrat: 
B i t  umen 
N i g e r  ia
on (ppm)
B i tumen 
Canada
B r 0 . 8 1 0 .  194
Mn 0 . 2 6 7 1 .406
Y 3 2 . 5 140
Z n < 10 0 . 61 3
Table 6.9 Comparison of trace elements in Nigerian and Canadian bitumen.
In Lagos relatively lower concentration levels of V, caused by vehicular
exhaust, may be expected compared to Toronto, according to the values
reported in Table 6.9. But the V concentration in Lagos was found almost the 
same as in Toronto which may be due to the relatively high load of traffic in
Lagos. Higher concentration levels of other elements (Br, Mn and Zn) related
to the vehicular exhaust can be expected in Lagos compared to Toronto.
Relatively lower value of Mn and higher concentration of Br in Lagos compared
to Toronto can be attributed to the use of unleaded petrol in Canada. It has
been reported that unleaded petrol which contains Mn additive has caused a 
significant increase in Mn coupled with Br decrease in the atmosphere [JER
90]. The concentration level of Fe in Lagos aerosols has found relatively
low, about one third of the value reported in Toronto [JER 90], the Fe
concentration level in the Toronto control site i.e 1400 ng/m3 is in good
agreement with the present work.
Hierarchical cluster analysis has been employed to the Lagos air
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particulates. The dendrograms produced for the three sampling sites i.e Oba 
Akran, Ogba and Oshodi, are shown in Fig 6.5, in order to observe the
similarity between different elements determined in the air particulates. The 
similarity (square of the Euclidean distance) between different elements
increases when moving down the vertical axis of the dendrogram, whereas along 
the horizontal axis all the elements are listed for which similarity has been
shown in the dendrogram. The soil based elements e.g. Fe, Sc, Th and Ti are 
clustered together with a similarity of about 55 to 85 % . A close similarity
may also be observed between Br, V and Zn, mainly produced through automobile
exhaust, which are clustered together with 80 to 90 % similarity. Mn which
may also be attributed to vehicular exhaust has also been clustered together
with other mentioned elements (Br, V and Zn), with a relatively similarity 
level 60 to 75% at three sampling sites in Lagos, Fig.6.5a, b and c. 
Clustering of Na and Cl with high similarity (80 to 90 %) may be attributed
to the presence of NaCl results from the Atlantic south western humid air, as 
Lagos is situated on the coast.
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CHAPTER 7
HARMATTAN DUST ANALYSIS
7.1 Introduction
The climate, soil and vegetation complex in South Africa is profoundly 
affected by two opposing air currents; the South Western monsoon brings humid 
air from the Atlantic and the North Eastern Harmattan brings dry and dusty 
air from the Sahara. The inter-tropical convergence zone where these air 
masses meet moves North and South during the year causing the rainy and dry 
seasons respectively. In Nigeria, the North Eastern wind brings cool and dry 
Harmattan climate between November and March every year.
The existence of the Harmattan wind and i ts  dust was first documented by 
Dobson, in 1781 [DOB 81] who raised questions regarding the origin and
characteristics of the dust. ■ The Harmattan dust originates in Southern 
Sahara and extends across West Africa and the Atlantic [TAI 80]. The source
of the Harmattan is the Faya Largeau area of the Chad basin , see Fig7.1 [TAI 
86]. The sediments of Harmattan dust originate from various feeder zones 
within the Chad basin from where they are transported to the Bodele
depression either as lake sediments (clay and silts) or as aeolian sands, 
where they form the source deposit of the Harmattan dust. The dried out
sediments of the Bodele depression may be entrained into suspensions in the 
depression across the dry-lake surface during periods of high Harmattan wind 
velocities. The dust is then transported in periodic pulses or plumes out 
over the West African Savanna and is deposited at a decreasing rate and with
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a decreasing particle size with the transport distance.
Dust particle size can be a sensitive indicator of the transport distance of
the Harmattan dust. A systematic decrease in the dust deposit particle size 
collected from three sites in a 900 |<4n distance downwind in Northern Nigeria 
has been reported [TAI 86]. Dust deposited over the Savanna area of Northern
Nigeria may be removed during the wet season by overland flow into the river 
systems of the South West Chad basin. This dust may ultimately replenish the 
sediments of the Bodele depression dust-source area, so completing a sediment
feedback loop. The dust deposited elsewhere may ultimately reach the Atlantic 
ocean via the West African rivers, contributing to ocean sedimentation.
Downwind of the source area the Harmattan is a gentle wind at ground level, 
with a mean daily maximum speed at Kano , as recorded during 1978-79, of 8
m/s. The increase in the wind speed and turbulence at higher altitude
produces an anvil shaped dust plume. The Harmattan wind blows from a
consistent direction, about 87 % from between East and North (see Fig.7.2).
The Harmattan dust in Nigeria is transported at irregular intervals during 
which the visibility may reduce to 500 m ; relative humidity and temperature
are also reduced [TAI 80]. Periodic occurrence of dusty conditions are caused
by the passage of dust plumes during the Harmattan season; in 1976-77
thirteen plumes were observed with an average duration of six days [TAI 82]. 
The duration and intensity of the dust plumes are variable. A heavy dust
plume was recorded during the period, 3/3/77 to 14/3/77 , depositing dust 54
tonnes/ km which was 39% of the total measured deposition for that season
[KAL 76]. The deposition of Harmattan dust has been reported relatively
higher during the day time as compared to the night deposition in the Saharan
region [TAI 82]. In the evening the dust is apparently trapped in the
atmosphere by a temperature inversion at low altitude whereas during the day
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thermal mixing breaks up the temperature inversion thus allowing greater dust 
deposition. Ambient suspended particulate matter concentrations of 13 - 297
(ig/m have been reported for non-industrial sites depending on the season.
The higher concentrations were obtained during the dry season dust
mobilization episode, particle mass loading were found to be 911 and 385 
|ig/m3 in the 1979 and 1980 Harmattan seasons respectively. The total
Harmattan dust loading over Nigeria has also been estimated between 3xl05 to 
6x10s tonnes/year [SIM 88]. Wind speed may also increase or decrease the
amount of dust emanating from west Africa. The Harmattan entrainment starts
at relatively low wind speeds, 6 m/s has been reported in the literature [TAI 
86]. Higher wind speeds generally deposit relatively coarser dust 
particulates than do lower wind speeds [TAI 82]. The Harmattan dust plumes
when crossing the African coast, some of the dust in transport (above 600 - 
1500 millibars) passes into a northerly wind stream which carries it up the
western African coast. Occasionally the Harmattan dust may reach as far as
the United Kingdom [PIT 68].
The clay mineralogy of soil-sized dusts has been used as a parameter for the 
identification of potential aerosol source areas in the literature. Mineral
analysis of Harmattan dust has been reported by Adedokun , Table 7.1. The 
elemental analysis of the Harmattan dust recently carried out at Ife [ADE 89] 
is presented in Table 7.6 for comparison with the present work.
The Harmattan dust invasion in Nigeria has been associated with acute 
respiratory infections, pneumonia and bronchitis, particularly in northern
Nigeria where it’s effect is more severe being closer to the source area of 
the Harmattan dust. It has also been reported that people in Nigeria 
experience nasal congestion, coughs, muscular aches, painful watery eyes and
usually high body temperature during severe Harmattan periods [ADE 88]. These
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conditions may be associated with toxic effects of the Harmattan dust
constituents on human health. While exposure to low levels of some elements
may pose no health hazards, cumulative ingestion of relatively large
quantities, over a duration as long as usually spanned by the Harmattan
season (i.e about five months) in Nigeria, may be dangerous to human and
livestock health. The quantity of the dust deposited on the vegetation and
soil may also have implications for growth performance of agricultural crops
and livestock.
M in  e r a l s
R e  l a t ive  {
9
Min.
) r o p o r t i o n  
b
Max.
Aver a g e  o f 12
d e t e r m  i nat ions
%
Q u a r t z 67 . 4 86 . 9 75 ± 5.2
K a o 1 i te 0 .03 2 2 .5 10 . 3 ± 5.4
H a l l  oysi  te 0 . 6 3 .7 1.5  ± 0 . 7
M i c r ocl  ine 1 .0 2 7 . 5 17. 6 ± 7
M i c a 0 .0 2 8 .3 2 . 5  ± 2.2
Table 7.1 R e 1 a t i v e  propor t ions of mi ne r a l  in the  H a  r ma t t an  dust in Ife 
[ A D E 89].
In the present study the elemental analysis of the Harmattan dust is being 
carried out using INAA in order to ascertain whether any elements are present 
at unusually high concentration levels. The distribution pattern of the 
elements detected with particulate size was also observed with the help of a
158
six stage cascade impactor air sampler. The incorporation of the air 
particulates in the human body depends upon particulate size via inhalation 
as has been mentioned before. The Harmattan dust particulate shape and size 
distribution were studied using scanning electron microscopy (SEM) with micro
probe analytical facilities, in order to observe any change along the path of 
the Harmattan dust i.e from Kano to Ife.
7.2 Review of previous work
Several analytical techniques have been employed in order to study the 
elemental composition and particle shape and size distribution of the 
Harmattan dust, over the last thirty five years.
Harmattan dust particulates collected at Ibadan, Nigeria during the 1955 - 56 
season were analysed for their size range and a mode value of 0.3 |im  has been
reported, using the sedimentation method [KEO 58]. Later on, in 1979 
Harmattan air particulates were collected on glass sheets at the Ahmadu Bello 
University, Zaria , Nigeria and SEM was employed for determining the mineral 
contents of the dust. Quartz has been reported as the main constituent <75%
[WHA 81]. A more precise study about the nature and distribution of the 
Harmattan dust was presented a year later. The samples were collected in 
three Harmattan seasons from 1976 to 1979 in northern Nigeria at Maiduguri,
Kano and Sokoto on a 900 km transact. A systematic increase in the percentage
of <2pm particulates along the Harmattan dust path down wind was reported
[TAI 82].
The Harmattan dust may be transported by wind over long distances. In 1968 
the Harmattan dust was collected from the car park of Hull University, U.K
and analysed for its particle size distribution using a Coulter counter. The 
median size for the Harmattan dust particulates was reported as 9 J im  [PIT
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6#]. The Harmattan dust collected over the Tyrrhenian sea was analysed for
it’s clay minerals and elemental composition. The Harmattan dust sampling was 
carried out in the sea near Italy by both mesh and filter (Whatman-41) 
techniques and quantitative analysis for nine elements (Al, Cd, Cr, Cu, Fe, 
Mn, Ni, Pb and Zn) has been reported [CHE 84].
About three years ago another study was carried out regarding elemental 
composition of the Harmattan dust using INAA. Six samples were collected on
the roof top of a seven floor building, at Ife , Nigeria during three seasons 
of Harmattan i.e 1981 to 1984 . The sampling was carried out by using an open 
plastic container and the dust collected in the container was stored in a 
polythene vial , every day throughout the Harmattan period, two samples per 
Harmattan season were analysed. The elemental concentration of 29 elements 
was reported and are compared with the present work, see Table 7.6 [ADE 88]. 
Recently another study on Harmattan dust using atomic absorption spectrometry 
was performed. The particle size distribution of the Harmattan dust, with the 
help of an optical microscope, was studied and (3.12 ± 1.59) jim was reported
as the mean diameter of the Harmattan particulates [ADE 89].
In the present work the elemental characterisation of the Harmattan dust was 
carried out using INAA and quantitative measurement for 24 elements is
presented in the results section 7.5. The use of a cascade impactor air 
sampler enabled to observe the distribution of elemental concentrations with 
particle size. The sample collection was carried out at two sites, about 1000
km  apart, along the path of the Harmattan dust, at Kano and Ife. Four sets of 
six impactor stages filter samples were collected in Ife from 6 /1 /89  to 
15/1/89 and four samples from Kano during the period from 17/1/89 to 20/1/89. 
Scanning electron microscopy was also involved in the present study in order 
to study the shapes and size distribution of the Harmattan particles. The
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study by SEM was carried out in collaboration with Ibeanu [IBE 90]. 
Enrichment factors and cluster analysis were also employed in order to 
perform source attribution for the elements measured in the Harmattan dust by 
INAA.
7.3 Sampling and sample preparation
Harmattan dust particulates were collected at two sampling stations, about 
1000 km  apart during January 1989 . The first sampling site was at Kano, 
which is One of the main industrial cities of Nigeria and is situated in the 
south west of the Chad basin i.e the source region of the Harmattan dust. A 
six stage cascade impactor high volume air sampler (S ierra-'235) was mounted 
about ten feet above the ground level and four sets of the Harmattan dust 
particulates on Whatman-41 filter papers were collected at Kano. The second
sampling station was situated in Ife and sampling was carried out on the roof 
top of the seven floor agriculture building of Obafemi Awolowo University. 
Ife (7.29 N , 4.34 E), which is nearly 2000 )<m south west of the predominant 
source region of the Harmattan dust i.e the Chad basin. The second sampling 
site was selected downwind along the path of the Harmattan dust in order to
observe any change in the shape and size distribution pattern of the dust 
particulates compared to Kano. Four sets of dust particulates were collected 
on Whatman-41 filter papers at the second sampling site. All filter papers
were coated with vaseline Haxane as mentioned in previous chapter 6. The 
filter papers were weighed before and after sample collection in order to 
obtain the total suspended particulate (TSP) mass deposited on each stage of 
the cascade impactor. Therefore simultaneous determination of the elemental
composition of the Harmattan dust and elemental distribution with the dust 
particulate size was carried out.
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The sample preparation for the Harmattan dust particulates was carried out in 
the same way as for the Lagos air particulates, see chapter 6.
The irradiation and counting conditions for measuring short and long lived 
radionuclides in the Harmattan dust particulates were used exactly in the
same way as mentioned in the previous chapter 6.
7.4 Results and discussion
The Harmattan dust particulates collected on the six impactor stages were
studied for their shape and size distribution in order to observe any
significant change with distance from the source area along the path of the
Harmattan dust plume. Fifty dust particulates at each of the five impactor
stages were studied by SEM for their shape and size distribution pattern at 
Ife and Kano, Table7.2 & 7.3. Due to the severe problem of charging and
coagulation of the sub micron particulates, the study of shape and size at 
the sixth impactor stage was not possible. The dust particulates at Kano and 
Ife were not found to be as well rounded and with high sphericity when 
compared to the Lagos air particulates (chapter 6). A normal distribution of
particle sizes was observed at stages 1 & 2 for the samples collected at Kano 
and Ife. About 80% of the particles on stage 1 are to be found >5 J im  in 
diameter and a systematic decrease in the percentage of the larger particles,
from first to fifth impactor stages, is observed, see Fig.7.3a & b. Stages 4 
and 5 show almost the same particle size distribution which is due to the
problems of coagulation and charging for the smaller (sub micron)particles.
Fig. 7.3 a & b show a similar pattern of particle size distributions in the
five impactor stages but stages 3 & 4 at Kano present a significant rise in
the percentage (39%) of coarse particles, i.e 3 to 7 \im  compared to Ife
(29%). Kano being close to the Harmattan source area is expected to receive
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S t a g e 1 S t  a g e 2 S t  a g e 3
No.
S h a p e S i z e S h a p  e S i z e S h a p  e S i  z e
( p m) ( p m) ( pm)
1 H S / V A G 5 . 0 HS / V A G 4 . 5 HS / RD 2 . 5
2 5 . 4 6 . 5 5 . 53 . 3 . 5 4 . 5 3 . 54 ' 2 . 5 5 . 5 5 .05 H S 1 SRD 3 . 5 H S / A G 3 . 0 2 . 56 7 . 8 6 . 5 4 . 5
7
H S / VAG
7 . 2 6 . 5 HS / AG 2 . 58 5 . 5 7 . 5 2 . 5
9 11 . 5 2 . 5 6 . 510 6 . 5 9 . 5 4 . 511 11 . 5 5 . 5 6 . 512 10 . 5 5 . 5 5 .513 6 . 9 3 . 5 7 . 514 4 . 5 1 . 2 3 . 5
15 3 . 7 4 . 5 HS/ VAG 416 8 . 2 4 . 5 2 . 517 9 . 5 1 3 . 0 2 . 818 4 . 5 7 . 6 1 .119 5 . 5 5 . 5 ' 2 . 420 2 . 5 H S / R D 1 1 . 6 L S / R D 1 1 . 421 3 . 1 4 . 5 2 . 4'2 2 L S / R D 8 . 5 7 . 8 1 . 823
24
7 . 2 
4 . 4
1 3 . 5  
8 . 5
2 . 2
2 . 42 5 .6 . 6 L S / A G 5 . 9 2 . 32 6 9 . 5 7 . 9 2 .5.2 7 8 . 4 ,6 . 7 2 . 528 L S / A G 7 . 7 2 . 5 2 . 729 8 . 4 3 . 5 L S / AG 3 .43 0 8 . 5 5 . 3 2 .831 5 . 9 9 . 7 2 . 23 2 9 . 4 7 . 4 3 . 833 11 . 0 - 8 . 2 3 . 734 10 . 7 10  . 4 3 .93 5 10 . 6 8 . 2 3 .8
36 3 . 9 4 . 5 3
37 L S / VAG 6 . 9 5 . 2 6 . 738 7 . 3 6 . 1 3 . 439 11 . 8 5 . 7 4 . 2
40 6 . 3 5 . 4 8 .441 6 . 4 4 . 5 4 . 3
42 5 . 7 L S / R D 3 . 9 L S / VAG 5 . 2
43 3 ,  6 9 . 2 3 . 544 13 . 0 6 . 7 9 . 1
45 9 . 5 6 . 4 4 . 1
46 6 . 8 6 . 7 4 .84 7 8 . 9 8 . 6- 6 . 348 9 . 1 7 . 6 3 . 64 9 7 . 4 6 . 1 5 . 75 0 6 . 2 1 6 . 4 5 .1
Table 7.2 SEM results for the shape and size (aerodynamic diameter) 
distribution of the Harmattan dust particulates, on different impactor 
stages used for sample collection at Kano (a). First three stages
(b). Stages 4 & 5 .
(b)
No.
S t  a g e
S h a p e
4
S i z e
(t im)
S t a g e  
S h a p  e
5
S i z e
(j im)
1 KS / RD 4 . 5 . HS / RD 2 . 5
2 3 . 5 3 . 5
3 2 . 5 2 . 5
4 2 . 5 5 . 5
5' HS /  AG 1 . 2 1 . 1
6 1 . 9 HS / AG 0 . 7
7 1 . 4 1 . 4
8 1 . 0 1 . 0
9 4 . 5 2 . 5
10 2 . 5 1 . 5
11 2 . 2 1 . 2
12 1 . 4 1 . 4
13 1 . 1 0 . 9
14 1 . 5 1 . 2
15 1 . 3 0 . 9
16 1 . 5 0 . 8
17 3 . 5 0 . 9
18 4 . 5 4 . 1
19 1 . 2 0 . 8
20 1 . 9- 0 . 8
21 2 . 5 11 . 0
22 3 . 5 2 . 5
23 HS. /  VAG 2 . 5 1 . 0
24 1 . 8 . 1 . 2
25 1 . 6 1 . 3
26 2 . 1 5 . 5
27 1 . 5 1 . 2
28 1 . 9 1 . 5
29 1 . 8 1 .  2
30 1 . 9 1 . 0
31 L S / R D 0 . 7 5 . 0
32 1 .  7 1 .  0
33 1 . 7 5 . 0
34 L S / A G 2 . 1 8 . 2
35 1 . 6 0 . 8
36 1 . 5 L S / R D 0 . 7
37 2 . 1 0 . 9
38 1 . 6 2 . 2
39 2 . 8 2 . 7
40 1 . 8 8 . 7
41 6 . 2 L S / A G 1 . 5
42 2 . 5 3 . 3
43 0 . 9 3-. 1
44 1 . 6 2 . 6
45 1 . 7 1 . 1
46 5 . 7 1 . 8
47 1 . 6 2 . 1
48 1 . 1 1 .  6
49 3 . 0 1 .  2
50 2 . 4 1 .  9
HS , LS -» H i g h  a n d  l o w  s p h e r i c i t y  
WRD , RD -> W e l l  r o u n d e d  a nd  r o u n d e d  
AG , VAG A g u ia r  a n d  v e r y  a n g u la r
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(a)
S t a g e 1 S t  a g e 2 S t a g e  3
No.
S h a p  e S i z e S h a p  e S i z e S h a p  e S i z e
(pm) (pm) (pm)
1 H S / R D 7 . 5 H S / R D 9 . 5 HS / RD 5 . 5
2 1 . 5 7 . 5 3 . 5
3 5 . 5 7 . 5 2 . 5
4 7 . 5 5 . 5 3 . 7
5 6 . 5 2 . 5 HS/ SAG. 7 . 5
6 6 . 5 5 . 5 2 . 7
7 7 . 5 5 . 5 3 . 2
8 H S / S A G . 5 . 0 5 . 5 2 . 1
9 4 . 5 H S / S A G 4 . 2 2 . 4
10 7 . 5 6 . 7 4 . 1
11 5 . 5 7 . 5 5 . 6
12 3 . 5 4 . 3 7 . 2
13 8 . 5 3 . 5 HS/ ANG 2 . 7
14 7 . 4 1 1 . 0 1 .9
15 5 . 5 8 . 6 1 . 6
16 8 . 5 7 . 5 0 . 9
17 11 . 0 11  . 5 2
18 4 . 5 5 . 5 1
19 8 . 5 3 . 5 0 . 7
20 13 . 5 5 . 6 0 . 9
21 13 . 9 8 . 5 1 . 2
22 16 . 7 5 . 2 L S / S R D 2 .3
23 7 . 0 5 . 0 2 . 4
24 8 . 1 4 . 3 2 . 9
25 11 . 2 5 . 0 8
26 3 . 7 4 . 7 . 3 . 9
27 11 . 9 L S / S R D 2 . 5 2 . 9
28 7 . 2 7'. 0 2
29 4 . 1 5 . 3 3 . 4
30 3 . 0 8 . 4 7 . 1
31 8 . 9 9 . 1 3.9
32 9 . 4 10 . 2 2 . 4
33 L S / S R D 9 . 8 7 . 0 L S / AG 1 . 9
34 5 . 0 7 . 2 1 . 8
35 7 . 0 6 . 5 7 . 8
36 8 . 9 5 . 4 7 . 3
37 6 . 7 3 . 6 3 . 7
38 7 . 3 5 . 8 1 . 7
39 17 . 9 1 0 . 7 0 . 9
40 5 . 4 L S / A N G 8 . 5 2
41 8 . 2 8 . 2 1 . 2
42 6 . 7 2 . 1 0 . 9
43 7 . 2 4 . 9 1 . 7
44 9 . 4 1 . 8 1 . 3
45 6 . 2 3 .9 .1 . 2
46 9 . 4 5 . 4 1.7
47 6 . 7 1 4 . 6 1 .2
48 2 . 3 5 . 8 3 . 7
49 9 . 0 5 . 1 8 . 7
50 L S / S A G 2 . 5 5 .4 10 .2
7.3 SEM r e s u lts fo r  th e sh a p e  and s iz e  (aerodynam ic d iam eter)
d is tr ib u t io n  o f  th e  Harmattan d u st p a r t ic u la te s ,  on d if fe r e n t  im pactor  
s ta g e s  u sed  fo r  sam ple c o l le c t io n  a t I fe  (a). F ir s t  th r e e  s ta g e s  (b). 
Stages 4 & 5
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(b)
No.
S t  a g e
S h a p e
4
S i z e
( p m)
S t a g e  
S h a p  e
5 '  .............
S i z e
(f im)
1 H S / R D 1 . 5 HS/ RD 1 . 0
2 1 . 1 1 . 2
3 1 . 0 4 . 5
4 1 . 9 5 . 5
5 1 . 4 1 . 2
6 2 . 5 2 . 5
7 3 . 5 1 . 5
8 2 . 4 1 . 0
9 H S / A G 1 . 6 12 . 5
10 1 . 5 5 . 5
11 1 . 0 H S / S A G 2 . 5
12 4 . 5 3 . 5
13 2 . 5 4 . 5
14 1 . 9 5 . 5
15 0 . 9 1 . 5
16 2 . 5 5 . 5
17 0 . 7 2 . 5
18 0 . 9 1 . 5
19 0 . 9 1 . 0
20 1 . 4 1 . 2
21 0 . 7 1 . 5
22 0 . 8 0 . 9
23 2 . 8 1 . 2.
24 5 . 5 0 . 7
25 5 . 5 0 . 8
26 4 . 8 1 . 1
27 7 . 2 2 . 7
28 0 . 9 3 . 4
29 0 . 8 1 . 2
30 1 .  2 0 . 8
31 1 .  5 0 . 9
32 LS / S RD 0 . 9 LS/ SRD 1 .  7
33 1 . 1 1 . 4
34 1 . 6 1 . 6
35 0 . 9 4 . 8
36 1 . 2 1 .  8
37 2 . 8 0 . 6
38 1 . 8 1 . 4
39 1 . 6 0 . 9
40 1 .  1 0 . 9
41 1 . 4 1 . 3
42 1 . 7 1 . 7
43 3 . 4 0 . 7
44 2 . 6 0 . 7
45 • 1 . 9 0 . 9
46 1 .  8 1.2
47 2 . 9 3.9
48 2 . 1 2 . 3
49 1 . 3 2 . 9
50 1 . 3 3 . 5
HS , LS  H i g h  a n d  l o w  s p h e r i c i t y  
WRD , RD -> W e l l  r o u n d e d  a n d  r o u n d e d
AG , VAG A guiar and v e r y  a n g u la r
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relatively larger particles compared to Ife (about 1000 km away). The overall 
(cumulative of five stages) particle size distribution at both sampling 
stations, determined by observing 250 particles for each sample, using SEM 
are presented in Fig.7.4. A significant increase (by a factor of 2) in the 
percentage of sub micron particulates along the path of the Harmattan dust
i.e from Kano to Ife, can be observed. In a previous work carried out at 
Maiduguri, Kano and Sokoto, a systematic increase in the percentage of <2}im 
Harmattan dust particles along the path of the Harmattan dust has been 
reported [TAI 82]. In the present work a similar increase in the percentage
of <2|jm particles from Kano (about 22%) to Ife (35%) has been observed, as 
shown in Fig.7.4. The average Harmattan dust particle size is determined as
4.2 ± 2.5 Jim at Kano and 3.8 ± 2.5 Jim at Ife. In the literature different 
average particle sizes for the Harmattan dust have been reported. In 1958 Me 
Keown reported that more than 80% of the Harmattan dust particles (collected 
in southern Nigeria) were of <0.3Jim whereas in 1968 in another study in U.K 
showed 9 Jim as the average particle size of the Harmattan dust, using the
sedimentation technique and Coulter counter respectively, for determining the 
particle sizes [KEO 58 ; PIT 68]. The first figure is very low compared to
the second which may be due to the difference in the techniques used or may 
also be caused by the meteorological conditions and other local factors upon
the size of the material in transport. U.K being far (about 3000 km) away
from the Harmattan source area, the average particle size may be expected to 
be much lower than the reported value i.e 9jim [PIT 68]. About two years ago 
another study was carried out, in Ife, for determining the particle size
distribution of the Harmattan dust, using an optical microscope with 
different magnifying lenses, and an average particle size of 3.12 ± 1.59 Jim
was reported which is found in good agreement with the present work.
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F ig .7.3a The H armattan d u st p a r t ic u la te s  s iz e  d is tr ib u t io n , a s  d eterm in ed  
by SEM , on d if fe r e n t  im p actor s ta g e s  u sed  fo r  sam ple c o l le c t io n  a t Kano.
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Fig. 7.4 The overall size distribution (cumulative of five impactor stages) 
of Harmattan dust particulates, determined by SEM .
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The elemental analysis of the Harmattan dust has been carried out by NAA and 
24 elements were determined in the dust particulates. The total elemental
concentrations (ng/m) i.e the sum of all impactor stages involved in sample 
collection at Ife and Kano, are presented in Table 7.4. A significant 
variation in concentration values for almost all the elements measured at Ife
and Kano can be observed which may be attributed to the variation in the 
Harmattan dust deposition in unit volume of air, with time, since the 
Harmattan dust is caused by dusty plumes which show significant day-to-day 
variation in their intensity [KAL 76 ; TAI 82]. Kano being closer to the
Harmattan source area shows considerably higher concentration (ng/m) values
compared to Ife, since the particle deposition rate for unit volume of air at 
Kano is higher than at Ife. The only abnormality is exhibited by Br which has 
relatively higher concentration at Ife than at Kano. This may be due to the
local contribution caused by the vehicular exhaust, refuse incineration or
may be due to the pesticide residues [ADE 88]. Vehicular exhaust does not
seem to be the source of Br as the other elements related with vehicular 
exhaust have not been clustered together, Fig.7.6.
Source attribution can be performed with the help of enrichment factor 
calculations. The enrichment factors along with the elemental composition of
the control soil used for calculating the enrichment factors are presented in
Table 7.5. The enrichment factors for Br, Cu, Cl, Mg, Na, and Zn are found to 
be high (> 5) which indicate that their source is other than local soil. It
is interesting to note that the variation in the enrichment factors at Ife
and Kano show a similar pattern for the elements measured in the Harmattan
dust. It may therefore be deduced that the source of the dust particulates 
analysed at Kano and Ife is the same. Significantly higher enrichment factors 
for Na may be attributed to the higher concentration levels of Na2CQ3 and
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.Elemental concentrat ions  ( ng/m 3 )
Element Kano I f e
N o  . 1 NO . 2 N o  . 3 M c . i N O ,  1 N C . 2 N o  . 3 NO . 4
Ba 434 358 585 132 --------- ---------
Br 27.4 11.  2 2 2 . 0 16 . 0 21 . 5 4 5 . 0 35.6 23.2
" c a 51.7 3 2 . 4 51 . 5 7 . 6 8 24 . 7 2 7 . 1 4 . 1 4.6
Ce 97 64 160 54 22 . 5 4 0 . 8 20 15.6
* C l 4 . 95 5 . 9 6 11 . 4 3 . 6 9 3 . 8 7 1 .35 1.42 1.45
Co 12.3 6 . 4 15 . 8 5 .05 2 . 2 5 4 .8 2.24 6.2
Cr 47.4 35.  3 62 . 4 1 7 . 3 13 . 9 2 1 . 2 11.5 8.3
Cu 432 38£ 426 351 124 147 95 106
* D y
- — ----------- ---------- ----------- 0 . 5 7 0 .89 1.03 0.42
F e 38.4 17.  7 4 3 . 5 1 0 . 7 7 . 6 4 14 . 7 6.55 6.26
H f
VI
4.55 315 2 5 . 8 1 . 5 5 1 . 3 1 1 . 65 0 . 75 2.38
•W
K 12.2 7 . 9 1 18 . 6 5 . 1 8 5 . 0 1 2 . 8 2 . 7 2.45
La 50.5 29.  8 68 2 8 . 2 11.  9 2 7 . 9 9 . 4 7.6
Lu 0. 42 0 . 4 1 1 . 74 1 . 4 *---------- ---------- ----------
Mg 39.8 30.  2 22 1 1 . 4 7 . 6 6 9 .93 5.22 4 . 7
Mn 650 408 827 181 144 279 79 79
* N a 7.76 8 . 4 7 1 7 . 3 4 . 3 7 3 . 6 8 1 . 7 3 1.18 1.11
Rb 78 59 63 74 ------------ ----------- ---------- ----------
S c 10.4 8 . 6 8 1 2 . 5 3 . 9 6 2 . 2 4 3 . 1 1 1.86 1.5
Sm 7. 9 4 . 4 7 1 1 . 8 8 . 1 1 1 . 8 6 4 . 2 2 1.52 1.17
Th 10.8 3 . 6 1 5 . 5 4 . 4 8 2 . 7 8 3 .12 2 . 27 2.11
. T i 2 . 63 1 . 8 4 4 . 3 7 1 . 8 7 1 . 0 1 1 . 2 9 0 . 64 0.47
V 78.5 39.  4 108 17 25 2 9 . 7 6 . 7 7.1
Zn 606 409 722 291 137 281 183 181
C o n c e n t r a t i o n  v a l u e s  i n  f l g / l R 3
3Table 7.4 Total elemental concentrations (ng/m ) in the Harmattan dust 
particulates for each set of cascade impactor filters at Kano and 
Ife.
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Element
Mean values 
with standa. 
Ife
( ng/m3 )
rd deviation 
Kano
Baguda soil 
Mg / g
Enrichme
Ife
nt factors 
Kano
Ba 337 ± 63 ---
B r 3 1 . 4  ± 11 19 ± 6 2 .  1 3 4 . 7 5 . 4
*
Ca 1 . 5 1  ± 1 . 2 6 2 6 . 8  ± 17 20 1.  5 0 . 9
Ce 25 ± 11 94 ± 41 40 1 . 4 1 . 3
*
Cl . 20 . 2 ± 1 2 . 3 6 . 4  ± 2 . 7 <0 . 06 80 5 1 . 3
Co 3 . 8  ± 1 . 9 9 . 6  ± 4 3 . 4 2 . 3 1 . 6
Cr 14 . 4 ± 5 40 ± 16 37 0 . 8 0 . 6
Cu 138 ± 12 387 ± 49 69 6 . 4 5 . 8
Dy 0 . 7  ± 0 . 3 ----
a *
F e 8 . 7 8  ± 4 2 7 .  5 ± 14 12 . 3 1 . 6 1 . 2
H f 1 . 5 5  ± 6 . 8 3 . 8  ± 1 . 5 -- -
*
K 5 . 7 5  ± 4 . 8 11 ± 5 12 . 4 0 . 1 0 . 6
La 1 4 . 2  ± 9 . 3 44 ± 16 29 1 . 0 0 . 9
Lu 1 . 0  ± 0 . 6 — — ----
*
Mg 6 . 8  8 ± 2 . 4 2 6 . 4  ± 11 <0 . 55 2 7 . 9 2 6 . 1
Mn 14 5 ± 9 4 516 ± 244 1 7 0 1 . 8 1 . 6
 ^Na 1 . 9 3  ± 1 . 2 10 , 3 ± 5 0 . 8 2 * 5 . 3 6 . 4
Rb 68 ± 10 88 0 . 2 0 . 4
S c 2 . 2  ± 6 . 8 9 . 2  ± 3 4 .  9 1 . 0 1 . 0
Sm 2 . 2  ± 1 . 3 8 . 1  ± 2 . 6 3 .  4 1 . 4 1 . 5
Th 2 . 6  ± 4 . 5 9 . 0  ± 5- 15 0 . 4 0 . 3
*
T i 0 . 9 3  ± 0 . 5 2 . 6 8  ± 1 . 2 4 . 7 0 . 4 0 . 3
V 17 ± 11 60 ± 35 32 1 . 1 1 . 0
Zn 195 ± 60 507 ± 167 46 9 . 4 6 . 2
C o n c e n t r a t i o n  v a l u e s  a r e  i n  f l  g  /  m
C o n c e n t r a t i o n  v a l u e s  a r e  i n  m g  / g
Table 7.5 Elemental concentrations in the Harmattan dust and the calculated 
enrichment factors at Kano and Ife .
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NaHC03 found at the Chad basin i.e the source area for the Harmattan dust [ADE
89].
Since inhalation of the air particulates depends on the particle size, it is
therefore important to observe the distribution of the elemental 
concentrations with particulate size of Harmattan dust. The cascade impactor 
air sampler used in the present work has proved to be useful in segreggating 
the dust particulates according to their sizes on six impactor stages. The 
association of the elemental concentrations with the particle sizes (related
to different impactor stages) are presented in Fig.7.5. It is interesting to
note that almost all the elements determined in the Harmattan dust show
similar pattern for their concentration variation in the six impactor stages 
at both sampling stations (Ife and Kano). Generally elements are concentrated 
at the impactor stage 2 and there is a continuous decrease in the elemental 
concentrations in the stages that follow i.e 3, 4 and 5. Therefore it may be
concluded that in the Harmattan dust the elements (determined by INAA) are
mainly associated with particle size from 7 to 3 jimA , on the basis of
particle cut-off values, for different impactor stages, provided by the
manufacturer. A significant rise in elemental concentrations at stage 6 was
observed which may be due to the relatively larger size of the back up
filter, therefore containing a larger mass of deposited particulates per unit
volume of air which may lead to higher ng/m values for the elements
determined in the Harmattan dust, compared to the other impactor stages. The
total elemental concentrations (calculated in the same way as mentioned in
chapter 6) were also determined in ppm in order to compare the results of the
present work with those reported in the literature. The elemental
concentrations in ppm are independent of the dust particulate deposition per
• 3unit volume of air, unlike the ng/m values. Therefore the elemental
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concentrations in ppm at Kano and Ife are found in good agreement, as shown
in Table 7.6. During the past three years Harmattan dust analysis has been 
carried out by INAA and atomic absorption techniques, at Ife and the
elemental concentrations reported are listed in Table 7.6 for comparison with 
present work [ADE 88 ; ADE 89]. Most of the elements measured in the 
Harmattan dust are found to be in good agreement with the literature values 
as listed in Table7.6 [ADE 88]. However, Mn, Cr, V and Zn show relatively
lower values than those previously reported [ADE 88]. Mn and Cr are, 
generally, associated with the burning of coal, therefore local contributions 
may affect their concentration levels. Large variations in Cr (29 to 350 ppm) 
and Mn (326 to 1663 ppm) have been reported [ADE 89]. Whereas V and Zn are 
mainly related to motorcar exhaust and combustion of oil and petrol. 
Therefore, variations in these elemental concentrations may also be expected 
due to the local contributions in the analysis of Harmattan dust.
Cluster analysis has been employed in order to determine similarities among 
elements detected at Kano and Ife and to perform clustering of the samples 
with respect to their elemental concentrations. Similarities between 
different elements can be observed by the dendrograms, shown in Fig.7.6a & b. 
Most of the elements determined in the Harmattan dust show a high degree of
similarity (>90 %) . The soil based elements e.g Sc, Ti, K, Th , together
with Cr & Mn as shown in Fig.7.6b are clustered together, while Na and Cl are 
showing high level of similarity (>92 %), indicating the presence of NaCl in 
the Harmattan dust.
The cluster analysis may also play an important role in identifying the
source areas by clustering different samples according to variations in their
elemental concentrations. In the present work cluster analysis has been 
performed on the samples collected from Kano, Ife and Lagos(Ch.6). The
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Concentration values (Mg/g) Literature values (Mg/g)
Element Kano Ife
[ADE 88] 
Ife
[ADE 89] 
Ife
Min. M a x  . M i n  . M ax . Min. M a x  . M i n  . M a x  .
Ba 234 462 ----- ----- 636 738 ----- -----
Br 11 2 7 . 4 63 .2 139 2 4 . 1 777 — -----
hi
Ca 1 1 . 8 6 3 . 6 1 5 . 6 7 2 . 8 ----- -----
*
0 . 1
*
2 5 . 5
Ce 66 126 66 79 112 142 ----- -----
hi
Cl 3 . 7 9 2 . 6 5 1 1 . 3 3 . 3 8 . 6 ----- -----
Co 6 . 5 9 . 2 6 . 6 1 9 . 8 15 3 3 . 2 39 141
Cr 3 0 . 5 6 2 . 6 40 4 3 . 3 8 2 . 6 164 29 350
Cu 556 731 503 718 ----- ----- 46 146
Dy — .. . ----- 1 . 6 3 4 . 0 ----- ----- — — -----
hi
Fe 1 8 . 2 3 4 . 3 2 2 . 4 3 0 . 7 4 0 . 6 4 7 . 7
*
2 1 . 5
*
105
Hf 2 . 7 5 4 . 5 2 . 9 1 1 . 7 6 . 7 3 9 . 1 5 ----- -----
hi
K 8 . 1 2 2 . 2 1 0 . 5 2 4 . 8 1 4 . 5 1 6 . 4
*
7 . 2
*
4 9 . 1
La 3 0 . 6 53 3 5 . 2 54 4 9 . 8 61 ----- -----
Lu 0 . 3 2 2 . 4
hi
Mg 1 7 . 3 3 1 . 1 1 9 . 2 23 8 . 1 9 . 4
*
1 . 7
*
1 1 . 6
Mn. 319 653 309 539 710 1180 326 1663
hi
Na 5 . 8 1 3 . 6 3 . 3 5 1 0 . 8 5 . 9 7 . 2 5 2 . 2 *
*
163
Rb 58 61 ----- ----- 7 6 . 3 9 3 . 1 ----- -----
Sc 7 . 2 9 . 8 6 . 0 7 . 2 7 . 7 2 1 1 . 5 ------ -----
Sm 4 . 6 1 4 . 2 5 . 5 7 8 . 2 5 . 5 8 7 . 0 5 ----- -----
Th 3 . 7 1 2 . 2 6 . 1 1 0 . 2 1 2 . 1 1 4 . 9 -  ■ —
hi
Ti 1 . 8 7 3 . 4 4 2 . 3 7 3 . 0 7 4.4 5 . 6
*
7 . 5
*
123
V 30 85 26 74 7 7 . 6 9 0 . 4 25 250
Zn 421 974 404 887 764 4580 119 3469
C o n c e n t r a t i o n  v a l u e s  for o x i d e  c o m p o u n d s  
C o n c e n t r a t i o n  v a l u e s  in ( mg/g )
Table 7.6 INAA results for the elemental composition of the Harmattan 
dust collected from Kano and Ife, comparison with previous work.
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Fig.7.6 Dendrograms showing clustering of various elements determined 
in the Harmattan dust collected from (a) Kano (b) Ife
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dendrogram in Fig.7.7 presents the results of clustering of 32 samples. Two 
main clusters are prominent, showing grouping of the samples of the Harmattan 
dust i.e sample 1 to 8, and Lagos air particulates i.e sample 9 to 32. The
first cluster is further divided into two sub-clusters separating samples 
from Kano (1 to 4) and Ife (5 to $ ). The similarity level between the samples
from Kano and Ife is significantly higher (>95 %), which suggest similar
elemental composition of the dust. In the second cluster sample number 9 to 
16 are from Oshodi, 17 to 25 are from Oba Akran and 26 to 32 are from Ogba, 
in Lagos. Samples from the three sites in Lagos were not clustered separately 
unlike the Harmattan dust and Lagos samples, which may be expected as the
three sampling sites in Lagos were within a small radius of 4 km. Although 32
samples from Lagos are further divided into different sub clusters regardless 
of sampling sites, however a good deal of similarity (>94%) between all (32)
samples may be observed, which indicates that the elemental composition of 
aerosols collected at the three sites is similar. Small variations (from 94
to 99%) in the similarity levels of different Lagos samples may be attributed 
to the weather conditions and time of sample collection as well as
contribution of local sources.
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Fig. 7.7 Dendrogram presenting clustering of the samples with
respect to their elemental compositions, collected at Kano Ife and Lagos.
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CHAPTER 8
CONCLUSIONS AND SUGGESTIONS 
FOR FURTHER WORK
8.1 Conclusions
Neutron activation analysis is a non-destructive, selective and precise 
multi-elemental technique which may successfully be applied to measure a wide 
range of elements in various types of materials. In the present work INAA has
been applied in the analysis of bioenvironmental materials, making use of
thermal and epithermal neutron irradiation. Different methods for determining 
the elemental concentrations are available which can be employed after 
neutron activation of the samples. A comparison of four different methods i.e 
the absolute, mono-standard, comparative and single comparator (Kq- method)
methods are provided for measuring the elemental concentrations in biological 
and environmental samples. The accuracies of the four different elemental 
concentration measurement methods have been checked by analysing reference
materials (IAEA Soil7 and BK). Apart from the absolute method the accuracy of 
the other three methods was quite comparable. At the ICIS and CAS facilities,
where only .a limited choice for the flux monitor is available, the
comparative and mono-standard methods are found more suitable. The 
mono-standard or the Kq- method may be used as complementary methods with the 
comparative method for measuring the elemental concentrations when the 
reference material involved has problems associated with high dead time e.g
IAEA Soil7, or when the elements of interest are not present in the reference
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material. However, in determining the long-lived radionuclides at the CT
irradiation facility, where a flux monitor (Zr wire) had to be irradiated
along with the samples for the measurement of the flux variations due to the
sample positions in the CT , the K q-method may be a suitable choice for the
determination of elemental concentrations. The Zr wire used for flux
correction when applying the comparative method, may be used for measuring
the ratio and also as a mono-standard or single comparator when the
mono-standard and the Kq- methods are to be employed for measuring the
elemental concentrations. Therefore, for the CT facility the preparation of
standards or selection of suitable reference materials can be altogether
avoided by measuring the elemental concentrations with the help of
mono-standard or K - methods which offer accuracies of about the same ordero
as achieved by the comparative method. However, the usefulness of the
comparative method cannot be denied due to it’s simplicity and accuracy,
especially, when proper reference materials are available. Effort have been
made to provide new reference materials to be used for the analysis of
biological materials. Seven potential reference materials including two leaf
samples (A8 & P8) provided by the NIST, USA , three IAEA human diet samples, 
commercial milk powder and commercial wheat flour were tested. In NIST leaf
samples (A8 and P8) 24 elements were determined, making use of the CAS, ICIS 
and CT facilities. The homogeneities of these leaf samples were found to be
quite comparable to a well known reference material BK. On the basis of
present work A8, P8, and commercial wheat flour may be recommended as useful 
reference materials. The accuracies for the elemental concentrations measured
in the diet samples were found to be poor, which may be attributed to their 
relatively high inhomogeneities. Use of the IAEA diet samples as reference 
materials may involve unacceptably high errors, and are therefore not
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recommended as reference materials.
In the last few years a number of studies on the role of fluorine in human
health have been carried out. Different authors have established it’s
importance in human health for example, in the prevention of dental caries, 
in increasing bone mass and reducing the bone fracture rate in osteoporotic 
patients. On the other hand the toxicity of fluorine causing mottling of 
teeth and even death in extreme cases has been reported. Therefore, there is 
a need and great interest in establishing suitable reference materials 
representing human diet samples for the element in order that nutritional
studies can be undertaken; the fluorine content in the human diet specimens
prepared by the IAEA was determined. The measurement of low levels of 
fluorine in the presence of interfering elements was possible only through
CNAA which has been shown to be very useful in improving the detection limits
compared to the conventional irradiation (single shot) method. As mentioned
earlier in chapter 2, the CAS facility suffers from high background activity,
therefore the best achieved detection limits for measuring fluorine in the
presence of the interfering element Na was about 9 ppm . The measurement of
fluorine in the reference material BK (certified value 5.87 ± 0.97 ppm) and
in the leaf samples (NIST P8 & A8) was not achieved through CNAA.
The sample size plays' an important role in determining various elements with
good precision and accuracy. Therefore, knowledge of the sample mass required
for a material to be analysed, which would be its true representative in
measuring a number of elements, is necessary. The evaluation of
representative mass for a number of materials has been demonstrated through
their elemental sampling factors, Ki and K5 values related to 1% and 5%
subsampling errors respectively, determined at the CAS and ICIS facilities.
The representative masses determined even on the basis of K5 values were
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found to be large enough (almost) to cause about 100 % dead time at the CAS 
and ICIS facilities, especially the diet samples and IAEA Soil7. The
representative mass of the sample may be reduced at the expense of higher 
errors on the results by selecting higher values of the sampling factors e.g 
K6, K7 etc. The other way of getting round this problem of high dead time 
caused by large representative masses, is to employ mass fractionation. Mass 
fractionation was applied on different materials by dividing large sample 
sizes, 40, 450 and 450 mg for IAEA Soil7, P8 and BK, into 15 fractions. This
proved to be very useful in minimizing the dead time, improving precision, 
accuracy and detection limits and also in detecting additional elements, see 
chapter 5. The determination of low levels (< 10 ppm) of fluorine in Bowen’s 
kale and NIST peach leaves was also made possible by combining CNAA and mass 
fractionation and detection limits of 2.2 and 1 ppm were achieved, 
respectively. The fluorine determination in IAEA Soil7 was also carried out, 
which was not previously possible without mass fractionation due to the 
problem of high dead time.
INAA was applied to the analysis of air particulates collected from Ife and
Kano during the dry season 1988, in order to study the elemental levels due
to Harmattan dust. Environmental pollution studies for an industrial city
(Lagos) were also carried out, during the period of June to September 1989. 
Air particulate samples were collected from three different sites (Oba Akran, 
Ogba and Oshodi) in Lagos. The elements, Br, Cl, Cu, Mg and Zn, with
enrichment factors > 5, were found to be enriched in the Lagos air
particulates. The maximum j  highest elemental concentrations were determined at 
Oshodi which is relatively close to an industrial estate as compared to the 
two other sampling sites, Oba Akran and O jb{)L , The elemental composition of
Lagos air particulates has been compared with results of studies, recently
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carried out in two industrial cities, Bombay and Toronto. The pollution
levels for most of the elements in Lagos were found low as compared to Bombay 
and Toronto, but the concentration levels of Br, Cl, and Na showed
significantly high values at Lagos. Br is generally associated with vehicular
exaust, it’s higher level in Lagos compared to Toronto may be attributed to
the relatively higher concentration of Br in Nigerian bitumen, 0.81 ppm, 
compared to 0.194 ppm in Canada. The Cl/Na ratio of 1.8 in Lagos air
particulates indicates the presence of NaCl , which may be expected, Lagos
being a coastal city. Harmattan dust is another source of pollution in
Nigeria and has been associated to different health problems in the 
population. Samples of the Harmattan dust collected at Kano and Ife during
January 1989, have shown the enrichment of the Br, Cl, Cu, Mg, Na and Zn in 
the dust particulates with enrichment factors > 5. The elemental
concentration (}ig/g) values in the dust particulates at Kano were found in
good agreement with those of Ife , indicating the same source of the dust
particulates. However, the elemental concentration values in terms of mass
per volume of air sampled (ng/m ) were found significantly higher at Kano
(being close to the Harmattan dust source area) when compared with Ife. The
elemental composition of the Harmattan dust was also compared with the
previous work carried out in Ife, and a good agreement in results has been 
observed. Since sample collection was carried out by a six stage cascade
impactor air sampler, it was also possible to study the distribution of 
elemental concentrations with particle size. Almost all the elements 
determined in the Harmattan dust were found mainly concentrated on impactor 
stage 2, associated with particle size ranging from 7 to 3 |im (according to 
the manufacturer quoted values). The mean particle size of the Harmattan dust 
determined by SEM was 4 ± 2 |im. The association of elemental concentrations
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with coarser particulates indicated that the elements in the Harmattan dust 
were not produced as a result of high temperature industrial processes. The 
Harmattan dust particles were found to be relatively less spherical and 
rounded compared to those of Lagos air particulates and a decrease in the
percentage of coarser particles was also observed along the path of the
Harmattan dust i.e from Kano to Ife, by using the SEM.
8.2 Suggestions for further work
CNAA has proved to be very useful in measuring low levels of short-lived
radionuclides. But due to relatively high background levels at the CAS 
facility compared to the ICIS facility the detection limits for determining 
the short-lived radionuclides were not found to be good enough to measure low 
levels of F in BK and NIST leaf samples. In order to improve detection 
limits, at the CAS facility, for determining low levels of elemental
concentrations, use of mass fractionation combined with CNAA is suggested.
The application of compiled Kq- factors in determining the elemental
concentrations in the reference materials, at the CT facility, have shown
results in good agreement with certified values. The errors associated with 
the Kq- method of elemental concentration measurement are found quite 
comparable with the method, most extensively used, the comparative method. 
Therefore, it will be useful to establish a library of the ( K q^ )^
factors for all the irradiation facilities used for measuring the short and 
long-lived radionuclides at the ICRC, by modifying the compiled ( Kq
values [COR 89]. For measuring the long-lived radionuclides at the CT , Zr 
was found suitable for determining the <|> /<b ratio and also as a single
th ep
comparator. However, for the CAS and ICIS facilities, where Zr and Au cannot 
be used to determine the ratio and as single comparators, other
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appropriate nuclides should be selected to form the basis of an ambitious but 
useful study.
The present air pollution study carried out in Lagos does not provide
sufficiently comprehensive data sets of air particulates concentrations for
trace elements. Therefore in order to establish pollution levels for various
elements caused by different sources, further sample collection and analysis
is required. In the present work air particulate samples were collected
within a small area, i.e about 4 km radius, in Lagos which may not be 
representative of Lagos city as a whole. The sampling was carried out during 
the rainy season when relatively low elemental concentrations (ng/m ) in the 
atmosphere may be expected. It is therefore suggested to carry out air 
particulate sampling in Lagos during the dry season. The sampling sites 
should be selected close to different types of industries, the road side, 
refuse incineration plants and a control area must be identified, in order to 
carry out source attribution for the elements determined in the air 
particulate samples. This should also provide the opportunity of studying the 
Harmattan dust contribution during the dry period. Cluster analysis and
compilation of enrichment factors (for the elements measured in air 
particulates) may reveal the individual source effects in ambient air 
particulates collected at the different sampling sites and therefore provide
information which will be useful in controlling emission to the environment 
in the city.
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